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ABSTRACT OF THE DISSERTATION
Behavioral Ecology and Associated Virology of Mosquito-Host
Interactions in Southern California
by
Oliver Eshun
Doctor of Philosophy, Graduate Program in Biology
Loma Linda University, December 2017
Dr. William K. Hayes, Chairperson

Elucidating characteristics of mosquito-host interactions are critical for
understanding the ecology and epidemiology of mosquito-borne diseases. In this
dissertation, I conducted three studies to explore potential mosquito-host interactions and
associated virus infection rates. I first demonstrated that mosquito captures at CO2-baited
traps decreased most markedly with height above ground, and also decreased with
distance from water at a riparian area but not at an open water source lacking a vegetated
border. Birds might therefore prefer elevated nests or roosts to avoid mosquitoes. The
second study examined the anti-mosquito behaviors of budgerigars (Melopsittacus
undulatus) in a laboratory study. The birds defended themselves by increased frequencies
of at least five maintenance behaviors, especially foot shake. These behaviors increased
over a 2-hour period of exposure, and varied depending on mosquito landing location.
Mosquitoes landed primarily on the trunk of birds, but showed no preference for fresh
versus previously exposed birds. The third study showed that primary serum antigenantibody tests were negative in rattlesnakes (genus Crotalus) for West Nile virus and
western equine encephalitis, but positive for a flavivirus presumed to be St. Louis
encephalitis in 10% of the 40 sampled snakes. This unexpected finding constitutes the

xiii

first likely report of St. Louis encephalitis virus in any reptile, and suggests that
rattlesnakes may be reservoirs or secondary hosts of flaviviruses in southern California.
Collectively, these studies provide new insights on mosquito host-seeking behavior,
mosquito-host interactions, and viruses in reptiles, and offer direction for further study.

xiv

CHAPTER ONE
INTRODUCTION

In this dissertation, I examine select aspects of mosquito-host interactions in
southern California. More specifically, I evaluate some of the factors that influence the
relationship between mosquitoes and their avian hosts, and investigate the presence of
mosquito-transmitted arboviruses in reptiles. In this chapter, I review the role of
mosquitoes in global zoonoses, factors influencing mosquito-bird and mosquito-reptile
interactions, and the ecology of mosquitoes and diseases.

The Global Issues of Zoonoses
The World Health Organization (WHO) defines “zoonoses” as diseases and
infections that are naturally transmissible between vertebrate animals and humans (WHO
2017). Taylor et al. (2001) found 61% of 1415 infectious organisms pathogenic to
humans, and 75% of 175 emerging diseases of humans to be zoonotic. Literature reviews
showed that 60% of 355 publications on emerging infectious diseases (EID) between
1940 and 2004 were zoonotic in nature (Jones et al., 2008; Bidaisee and Macpherson,
2014). Over 250 identified zoonotic infections caused by a number of pathogens have
been classified as threats to human and animal health, with socioeconomic and financial
burdens of zoonotic diseases on the world economy exceeding one billion dollars
annually (Murrell, 1991; Pal, 2005). Moreover, studies of incidence and prevalence of
zoonoses of wildlife origin indicate that the most significant increases occurred in the
past few decades (Jones et al., 2008). Zoonoses are categorized variously based on their
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means of transmission (e.g., vector-borne, food-borne, or air-borne), and origin or source
of the pathogen (e.g., wildlife or domestic animals; Murrell, 1991).

Ecology of Zoonoses
Zoonoses have a natural focus of occurrence outside of human populations,
referred to as “nidality,” from which they spread. These nidalities are determined by
ecological and geographical features, such as climate, topography, and vegetation. A
natural cycle that is independent of humans and domestic animals exists among vectors,
hosts (non-vertebrate and vertebrate), and pathogens. Humans and domestic animals
become part of the transmission cycle once they come into contact with the naturally
occurring cycle, and may become hosts of the pathogen, whereas the original host
becomes a reservoir of the pathogen in a complex relationship that may involve
overlapping of at least an original and a new host population at a time (Pavlovsky, 1966;
Daszak, 2000). One or more vertebrates act as reservoirs of the pathogen (viruses,
bacteria, or helminths), which is maintained by a number of vectors, mostly
hematophagous, that pick up the pathogens, which then become amplified in the vector.
Infections in the hosts usually present as mild, sub-clinical, or chronic, ensuring pathogen
maintenance and transmission. Vectors carrying pathogens must be infective to transmit
the pathogen to new hosts, and the absence or decline in a population of hosts and/or
vectors may lead to disappearance of the disease or cause the pathogen to move into new
hosts and/or vectors (Abdulsallam et al., 1959).
Zoonoses may be transmitted by direct contact with infected, diseased, or dead
wildlife (e.g., tularemia, SARS, influenza, ebola), inhalation of infected aerosols from
excreta of wildlife host (e.g., hantaviruses), infected vector interaction with humans (e.g.,
2

West Nile virus, rabies, Lyme disease), or through contaminated food and water (e.g.,
trichinellosis, toxoplasmosis, Salmonella spp.; Bengis et al., 2004; Kruse et al., 2004).
Forces that drive the increase in zoonoses are many, but major ones include increased
globalization with associated global travel and trade (especially trade in wildlife; Meslin,
1997; Murphy, 1998; Daszak et al., 2000; Ludwig et al., 2003; Karesh et al., 2005; Liu et
al., 2014), uncontrolled urbanization (Meslin, 1997; Murphy, 1998; Liu et al., 2014),
human population growth (Meslin, 1997; Murphy, 1998; Daszak et al., 2000; Ludwig et
al., 2003; Liu et al., 2014), increases in microbial drug resistance (Liu et al., 2014),
environmental pollution (Murphy, 1998), and ecological changes to habitats of vectors
and hosts (Meslin, 1997; Daszak et al., 2000; Ludwig et al., 2003; Liu et al., 2014). Jones
et al. (2008), however, suggest that species richness of wildlife hosts is the most
important predictor of emerging infectious diseases independent of human population
growth, latitude, or rainfall. Moreover, mutation, natural selection, acquired immunity of
host, host behavior, and iatrogenic factors (for humans and pets) of host populations are
also important determinants of zoonoses (Murphy, 1998). Pathogens of zoonoses
comprise mostly viruses or bacteria. Viral zoonoses are a more significant public health
threat compared to helminths and bacteria, and RNA viruses are more prone to be
infectious than DNA viruses due to their higher rate of mutation (Cleaveland et al., 2001;
Ludwig et al., 2003). However, bacteria are the main pathogens of zoonoses (Jones et al.,
2008).

Mosquitoes of Zoonoses
Mosquitoes are implicated in the transmission of a number of important wildlife
zoonoses, including Rift Valley fever, St. Louis encephalitis, western equine encephalitis,
3

eastern equine encephalitis, Japanese equine encephalitis, and West Nile virus (Kruse et
al., 2004; Table 1.1). These zoonoses occur in tropical and temperate regions of the
world.

4

Table 1.1: Characteristics of medically important mosquito-borne zoonoses
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MosquitoBorne
Zoonoses

Causative
Organism

Primary mosquito
vector(s)

Secondary
Mosquito
Vector(s)

Main
host(s)

Secondary
Host(s)

Geographic
Region

References

St. Louis
Encephalitis

St. Louis
encephalitis
virus

Culex tarsalis,
Cx. pipiens,
Aedes melanimon

Birds

Mammals

North and
South
America

Western
Equine
Encephalitis

Western
equine
encephalitis
virus
Eastern
equine
encephalitis
virus
Japanese
equine
encephalitis
virus

Cx. tarsalis

Cx.
stigmatosoma,
Cx.
quinquefasciatus
Aedes
melanimon

Birds

Lepus spp.
(jackrabbit)

North
America

Culiseta melanura

Cs. Morsitans

Birds

Mammals

Cx.
tritaeniorhynchus

Cx. gelidus,
Cx.
fuscocephala,
Cx. annulirostris

Birds
Pigs

Central,
North, and
South
America
Asia,
Western
Pacific

Lumsden, 1958;
Reisen et al.,
1992; Calisher,
1994
Hardy, 1987;
Reisen et al.,
1992; Calisher,
1994
Molaei et al.,
2006

Eastern
Equine
Encephalitis
Japanese
Equine
Encephalitis

Endy and
Nisalak, 2002;
Van den Hurk et
al., 2009

West Nile
virus

Cx. tarsalis,
Cx. univitattus,
Cx. vishnui,
Cx. pipiens
complex

Birds

Venezuelan
Equine
Encephalitis

Venezuelan
equine
encephalitis
virus

Cs. Melanura,
Ochlerotatus and Rodents
Cx.(Melanoconion) Psorophora spp.
spp.

Rift Valley
Fever

Rift Valley
fever virus

Aedes spp.

Anopheles spp.
Culex spp.

Wildlife
Livestock

Mayaro
Virus
Disease
Chikungunya
Fever

Mayaro virus

Haemagogus
janthinomys

Aedes spp.?

Monkeys
Birds

Chikungunya
virus

Aedes spp.

Alligators

Africa,
Europe,
North
America

Reisen et al.,
2005; van der
Meulen et al.,
2005; Zeller and
Schuffenecker,
2004

Equines

Central,
North, and
South
America

Weaver et al.,
2004b; Weaver,
and Barrett,
2004a

Africa,
Arabian
Peninsula
South
America

Bird et al., 2009

Africa,
Americas,
Asia,
Europe, and
The Pacific

CDC, 2016b;
Weaver, and
Lecuit, 2015
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West Nile
Encephalitis

Primates

Humans

Napoleão-Pego
et al., 2014

Yellow Fever

Yellow Fever
virus

Ae. aegypti,
Ae. africanus,
Haemgagus spp.,
Sabethes spp.

Zika

Zika virus

Aedes spp.

LaCrosse
Encephalitis

LaCrosse
virus

Ae. triseriatus

Primates

Primates?

Small
mammals

Humans

Africa,
Australasia,
Europe,
the Pacific,
Central and
South
America
Africa, Asia,
Central and
South
America,
North
America
North
America

CDC, 2015
Strode, 1951
Weaver, and
Barrett, 2004a

Plourde and
Bloch, 2016;
Ioos et al., 2014
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CDC, 2016a;
Medlock et al.,
2012

Mosquitoes transmit pathogens (mainly viruses and plasmodium) either
horizontally or vertically. Horizontal transmission occurs independent of reproduction,
and may involve ingestion of infective blood from a pathogen-infected host during
feeding, venereal transmission, or transfer of pathogen from infected host to a susceptible
mosquito through feeding (Clements, 1992). Vertical transmission generally involves
female mosquitoes passing on the pathogen to their progeny, although male mosquitoes
may also transmit pathogens to progeny (Clements, 1992). Primary mosquito vectors of
zoonoses share overlapping habitat and/or microhabitat in the same season with
pathogens. They also interact with infected competent animal hosts and humans, and
possess the vectorial capacity to transmit infectious agents to both uninfected animals and
humans. Moreover, infective agents can be recovered from mosquito vectors, and the
vectors must outlive the extrinsic incubation period of the infectious agent (Clements,
1992). Several mosquito-borne infections of zoonoses have been classified as emerging
because they are appearing in new geographic areas, occurring in previously
unsusceptible species, or are being detected for the first time (Brown, 2004).

Mosquito-Host Interactions
Factors that govern the dynamics of mosquito-host interactions are critical in
determining the roles that specific mosquito vectors and hosts play in the epidemiology
of mosquito-borne infections.

Mosquito Responses to Stimuli from Hosts
Mosquito foraging behavior is influenced by stimuli picked up by visual,
olfactory, mechanical, and chemical sensory receptors from potential hosts, including
8

environmental cues (Bowen, 1991). Mosquitoes are generally attracted to black or dark
colors (Howlett, 1910), they feed readily at >50% humidity (Holmes, 1911), they are
positively phototropic (Gill, 1920), and they are attracted to heat, carbon dioxide, and
ammonia (Rudolfs, 1922), and human sweat (Maibach et al., 1966). Visual cues influence
mosquito foraging behavior from long distances, although differences exist among
different mosquito species for the threshold beyond which visual stimuli become less
important. Aedes vexans Meigen, Culex nigripalpus Theobald, Culiseta melanura
Coquillett, Cx. quinquefasciatus Say, and Psorophora columbiae Dyar, among other
species, can detect visual stimuli up to 7.5–19.0 m away from hosts (Kennedy, 1940;
Bidlingmayer and Hem, 1980). Most mosquitoes are attracted to standard white broadspectrum incandescent light, and are also drawn to blue, green, orange, yellow, and red
light with decreasing attractiveness, respectively. Culex nigripalpus, and Cs. melanura
also use visual cues, and show higher color discrimination than other mosquitoes for
which data are available (Burkett et al., 1998). Aedes aegypti is less attracted to green
compared to red or blue, and shows no attraction to infra-red wavelengths (Brown, 1951;
Mayer and James, 1969).
Mosquitoes can chemically detect potential hosts up to 18 m away using olfactory
cues (Gillies and Wilkes, 1970). Carbon dioxide, sensed via maxillary palps, attracts
more species and greater numbers of mosquitoes than any other attractant in both field
and experimental studies (Reeves, 1951; Carestia and Savage, 1967; Kline et al., 1990;
Dekker et al., 2005). Carbon dioxide acts synergistically when combined with other
attractants to attract more mosquitoes than when used separately. For instance, the
combination of human-worn socks and carbon dioxide-baited traps captures more species
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of mosquitoes of the genera Aedes, Anopheles, Coquillettidia, Culex, Culiseta, and
Psorophora than when either attractant is used separately in field studies (Kline, 1998;
Carestia and Savage, 1967). Newhouse et al. (1966) also reported a four-fold increase in
number of mosquitoes captured for many species when Centers for Disease Control
(CDC) miniature light traps were combined with carbon dioxide from dry ice. Carbon
dioxide paired with light stimuli attracts a higher number of nulliparous mosquitoes
(which have not laid eggs), for all species tested (Cx. salinarius, Aedes canadensis, Ae.
cantator, Ae. Sollicitans, and Ae. vexans), than when each stimulus is used separately, but
a similar combination attracts fewer parous mosquitoes (which have laid eggs; Feldlaufer
and Crans, 1979). Other studies have found some species of mosquitoes attracted to
combinations of attractants other than carbon dioxide, whereas other mosquito species
have no attraction to combinations that include carbon dioxide (Vythilingam et al., 1992;
Becker et al., 1995). Lactic acid and lactic acid-related compounds are effective
attractants for female Ae. aegypti mosquitoes (Carlson et al., 1973). The synergistic
effects of airborne lactic acid and carbon dioxide create increased attraction for Ae.
taeniorhynchus, An. atropos, An. Crucians, and Cx. Nigripalpus, but a decreased
attraction for Cx. melanoconion species (Kline et al., 1990).
Host body heat is also an attractant to mosquitoes. Moisture and heat from hosts
attract mosquitoes, with the former having a major effect when environmental
temperatures are above 15.6 °C, and the latter when temperatures are below 15.6 °C
(Brown, 1951). Body heat supplements the attractive effects of carbon dioxide at close
distances from hosts, and the addition of carbon dioxide can double the number of
attracted mosquitoes compared to body heat alone (Gillies and Wilkes, 1970; Dekker et
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al., 2005). Carbon dioxide and body heat are also important attractants at close proximity
to hosts, whereas other host semiochemicals serve as major long-range stimuli for
mosquitoes via their antenna (Khan et al., 1966).

Mosquito Preference for Hosts
Some mosquito species are specialists in their feeding behavior, whereas others
are generalists. However, host preferences seem to comprise a plastic behavior based on
factors such as host and mosquito abundance, host availability, temperature, and
geographic and climactic factors (Chaves et al., 2010). Culex pipiens, a vector of
important pathogens, such as West Nile virus in the eastern United States, shows a
preference for avian hosts compared to mammals and reptiles (Apperson et al., 2002;
Simpson et al., 2009). Moreover, Cx. pipiens shows a preference for certain bird species
when presented with different bird hosts concurrently. For instance, Cx. pipiens preferred
American robin (Turdus migratorius) over European starling (Sturnus vulgaris), and this
preference was independent of temperature, humidity, wind-speed, age of mosquitoes,
and sex, weight, and age of birds (Simpson et al., 2009). Culex peccator and Cx. territans
feed primarily on ectotherms (reptiles and amphibians), with the former being a
generalist forager on reptiles, and the latter a specialist forager on amphibians (BurkettCadena et al., 2008).
Culex tarsalis, an important arbovirus (arthropod-borne) vector in the western
United States, is opportunistic in its host-seeking behavior, but shows a preference for
avian hosts (Reisen et al., 2013). The ornithophilic trait of Cx. tarsalis in the presence of
other hosts is inversely influenced by mosquito abundance (Lothrop and Reisen, 2001).
Seasonal changes in host feeding of Cx. tarsalis have also been observed, wherein
11

mosquitoes shift from American robins during the initial phase of the West Nile virus
season to house sparrows (Passer domesticus L.) during mid-summer, and finally to
mourning doves (Zenaida macroura) toward the end of the season (Kent et al., 2009). In
a field study, Cx. erythrothorax fed frequently on American crows (Corvus
brachyrhynchos) and Cx. tarsalis preferred house sparrows, whereas Cx.
quinquefasciatus mostly fed on house finches (Haemorhous mexicanus) when all of these
bird species, along with mourning doves, were simultaneously presented to mosquitoes
(Lura et al., 2012). However, based on relative abundance, Cx. quinquefasciatus showed
no preference between nestling and adult birds irrespective of differences in host sizes
(Burkett-Cadena et al., 2010).
Mosquito host-seeking behavior results in differences in vertical distribution of
mosquitoes that places mosquitoes and their preferred hosts in the same microhabitat.
Culex pipiens, an ornithophilic species, is generally found foraging high in the canopy (≥
2.6 m above ground) compared to Ae. caspius, a mammophilic species that seeks hosts
close to the ground (ca. 1.7 m above ground), and this difference is independent of
season, temperature, and wind velocity (Bellini et al., 1997). Moreover, Anderson et al.
(2004) found Cx. pipiens in the canopy level (approximately 7.6 m above ground) using
carbon dioxide-baited traps and MMX traps, but Cx. salinarius was caught mainly in
ground traps (approx. 1.5 m above ground); however, host-seeking Cx. pipiens
(ornithophilic) showed no preference for different heights in bird-baited traps. Thus,
some of the findings from mosquito traps may be influenced by the properties of traps
used. Culex tarsalis changes its foraging behavior seasonally in terms of vertical
distribution, showing a dependence on mosquito abundance and a tendency to feed on
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non-traditional hosts when mosquito populations exceed certain thresholds (Reeves,
1971). Landscape also influences mosquito host-seeking behavior. High numbers of
mosquitoes are found in areas with high vegetation cover and more temporary water,
whereas areas of little vegetation cover and more permanent water support high mosquito
species richness (Schäfer et al., 2006).

Host Defensive Behavior
Host defensive behavior is an important factor in mosquito-host interactions and
the epidemiology of vector-borne infections (Dow et al., 1957; Reeves et al., 1961). Hostseeking mosquitoes commonly land on the feathers on the back or sides of the trunk and
the back of the head before seeking to feed on exposed and vascularized body parts
around the eyes, base of the beak, and joints of the legs (Blackmore and Dow, 1958;
Corbet and Downe, 1966; Webber et al., 1972). Avian defensive behaviors against
arthropod vectors consist of routine maintenance behaviors exhibited at higher
frequencies than normal, such as body pecking, feather fluffing, head scratching, and foot
shaking, in addition to routine behaviors like preening, shaking, and stretching (Maxwell
and Putnam, 1968). Avian host defensive behavior against mosquito attacks successfully
decreases mosquito landing, feeding, and pathogen infection in birds in both field and
experimental studies (Reeves et al., 1961; Edman and Kale, 1971; Edman et al., 1974;
Walker and Edman, 1985).
Moreover, bird defensive behavior is directly related to increased density of hostseeking mosquitoes, although variation exists among different bird species (Edman et al.,
1972, 1974). Individual variation in anti-mosquito behavior also exists, but this
characteristic may not be as significant as host age, host species, and mosquito density
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(Kale et al., 1972; Darbro and Harrington, 2007). Experimental studies suggest that some
defensive behaviors are more effective at preventing mosquito landing and feeding than
others. Foot-stamping, wing movement, and head movement increase with increased
mosquito densities, and foot-stamping is effective at reducing feeding on the feet (Edman
et al., 1972; Webber et al., 1972; Darbro and Harrington, 2007). Moreover, mosquitoes
are attracted to host birds with increasing age, but mosquito engorgement rate decreases
as the birds mature (Kale et al., 1972; Scott et al., 1990).

Mosquitoes and Viral Encephalitis
Arboviruses (arthropod-borne viruses) account for about 30% of global emerging
infections in the last few decades (Jones et al., 2008). Mosquito-borne viral encephalitis
causes sporadic, endemic, and epidemic encephalitis in the United States and around the
world (Gubler, 2002). Important mosquito-borne viruses include eastern equine
encephalitis (EEE), Japanese encephalitis (JE), St. Louis encephalitis (SLE), western
equine encephalitis (WEE), and West Nile (WN) viruses (Table 1.1; Gublar, 2002; Davis
et al., 2008).
Transmission of mosquito-borne viruses can occur by mechanical or biological
mechanisms, or via biological development of the pathogen within the mosquito (Huff,
1931; Day, 1955; Chamberlain and Sudia, 1961). Mechanical transmission of viruses is
supplementary to biological transmission. Virus transmission by mosquitoes is limited by
level of virus infection in hosts, vector and host abundance, and degree of association
between vectors and hosts (Chamberlain and Sudia, 1961). Generally, mosquitoes
become infective with a virus when they ingest host blood containing a minimum
concentration of pathogens needed to establish an infection in the hind part of the midgut.
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Virus infection in the midgut is passed on to the peritropic membrane, hemolymph, and
salivary glands; all of these processes are associated with virus multiplication. The
infective mosquito then transmits the virus to a susceptible host when taking a blood
meal. These processes must happen within temperature ranges suitable for the virus, and
more than one virus infection can occur at the same time in mosquitoes (Chamberlain et
al., 1954; Chamberlain and Sudia, 1961; Thomas, 1963; Hess et al., 1963).

Mosquito-borne Viruses in Birds
Birds serve as hosts or reservoirs of arboviruses, and important mosquito-borne
viruses, including EEE, JE, SLE, WEE, and WN, have been isolated from birds
susceptible to these viruses (Table 1.1; Abdussalam et al., 1959; Stamm, 1963; Bernard et
al., 2001). As stated earlier, birds are only classified as hosts when they are able to
maintain virus concentrations at levels infective to mosquito vectors (Stamm, 1966).
Some species are also better hosts than others. The European starling (Sturnus vulgaris),
for example, is about three times more infectious to mosquito-borne viruses than the
American robin (Komar et al., 1999). In addition to the preferences that different
mosquito species have for different bird species and their general partiality for passerine
birds, the prevalence of arboviruses in passerine birds and humans is negatively
correlated with the abundance and diversity of non-passerine species in a habitat (Ezenwa
et al., 2006; Estep et al., 2011). Malaria-infected house sparrows attracted significantly
higher numbers of Cx. quinquefasciatus mosquitoes (Cornet et al., 2013), whereas house
sparrows infected with SLE and WEE showed no effect of viral infection on Cx.
quinquefasciatus and Cx. tarsalis attraction, respectively (Scott et al., 1990). Moreover,
WN virus infection in eastern bluebirds (Sialia sialis) had no negative effect on the
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reproductive success or survival of their offspring (Hill et al., 2010). Habitats occupied
by both birds and mosquitoes enhance the abundance and prevalence of arboviruses.
Johnson et al. (2012) showed that mosquitoes (Cx. pipiens and Cx. Restuans) and avian
hosts (house sparrows and American robins), were more abundant in residential areas
than adjacent urban wetlands, and WN virus prevalence was also higher in the residential
habitat.

Mosquito-borne Viruses in Reptiles
Reptiles are currently not included in arbovirus surveillance, but they have been
the subject of interest as possible hosts of important arboviruses, and may play non-trivial
roles in arbovirus disease epidemiology, especially if identified as overwintering hosts of
viruses (Abdussalam et al., 1959; Moore et al., 1993). Shared nocturnal habits (in warm
weather for reptiles) and general habitat preferences make mosquitoes and reptiles
plausible candidates for vector-host interaction. Field and experimental studies have
shown that some mosquitoes (e.g., Cx. tarsalis, Cx. peccator) feed on reptiles as
preferred hosts, or opportunistically when reptiles are the only available hosts (Thomas et
al., 1958; Cupp et al., 2004; Burkett-Cadena et al., 2008). Moreover, field and
experimental studies suggest that some important arboviruses (EEE, SLE, WEE, WN) are
able to multiply in reptiles such as snakes and alligators, and can be maintained at
concentrations and over time periods that are infective to mosquitoes (Thomas et al.,
1958, 1960; Shortridge et al., 1974; Klenk et al., 2004; Bingham et al., 2012; Dahlin et
al., 2016). Transovarial transmission of viruses in snakes has been demonstrated, and oral
transmission has also been reported both in snakes and alligators (Gebhardt et al., 1964;
Spalatin et al., 1964; Miller et al., 2003; Steinman et al., 2006). However, other field and
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experimental studies have been unable to recover viral RNA and/or detect viral
antibodies in reptile subjects (Mifune et al., 1969; Calle et al., 2001; Klenk et al., 2003;
Allender et al., 2006; Dahlin et al., 2016).

Ecology of Mosquitoes and Mosquito-borne Viruses in Southern California
Southern California has hosted endemic arboviruses like SLE and WEE for
several decades, as well as West Nile (WN) since its detection in the summer of 2003.
SLE and WN viruses are flaviruses (family Flaviviridae, genus Flavivirus), whereas
WEE is caused by an alpha virus (family Togaviridae, genus Alphavirus; Bates, 1949;
Reisen et al., 2004). The state of California has a surveillance system in place, the
California State Mosquito-Borne Virus Surveillance and Response Plan, to assess the
risks of SLE, WEE, and WN, and inform mosquito control districts on guidelines for
their control. This surveillance system measures risks using mosquito vector abundance
and infection rates, proximity of virus transmission cycles to human populations, sentinel
chicken seroconversion rate, climatic conditions, and disease incidence in equines (for
WEE) and humans (Baker et al., 2003). Culex tarsalis is the primary vector of SLE,
WEE, and WN viruses in southern California (Reisen et al., 1992). However,
transmissions may also involve Cx. stigmatosoma and Cx. quinquefasciatus for SLE
virus, Ae. vexans for WEE virus, and Cx. quinquefasciatus, Cx. stigmatosoma, and Cx.
erythrothorax for WN virus (Reisen et al., 1992) Although a secondary cycle involving
an Ae. melanimon and jackrabbit (Lepus spp.) has been identified in central California for
WEE virus, this cycle appears to be absent in southeastern California (Reisen et al.,
2004). Field and experimental studies implicate Cx. quinquefasciatus as an important
amplifier and bridge vector of WN virus in southern California, and Cx. stigmatosoma
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and Cx. erythrothorax are efficient transmitters of WN virus (Goddard et al., 2002;
Molaei et al., 2010; Reisen et al., 2006a; Reisen et al., 2008).
Culex tarsalis preferentially feeds on avian hosts, especially passerine birds,
doves, and domestic fowl, but will also feed on mammals and reptiles depending on both
host and vector abundance (Tempelis et al., 1965). Year-round abundance of host-seeking
Cx. tarsalis from CO2-baited traps exhibits two major peaks, one from mid-spring to midsummer, and another from late summer to fall in a pattern that is largely influenced by
temperature (Reisen et al., 1992). In areas of diverse habitats, Cx. tarsalis shows high
abundance even in winter, despite the colder temperatures (Reisen et al., 1992). Culex
erythrothorax and Cx. quinquefasciatus are also important vectors of arbovirus, and
abound in various habitats (Reisen et al., 1992). Temperature influences the extrinsic
incubation period and transmission of arboviruses via mosquito vectors. Culex tarsalis
mosquitoes are most often positive for SLE and WEE viruses when average monthly
temperatures exceed 29°C, although vector abundance peaks during months that average
25°C (Reisen et al., 1992). Extrinsic incubation and transmission rates for WEE virus
increase with increasing incubation temperatures, yet transmission rates decline in
infectious mosquitoes after 7–10 days, even at increased temperatures (Reisen et al.,
1993). St. Louis encephalitis virus amplification and transmission among avian hosts
increases at ≤ 21°C, whereas WEE virus transmission occurs over a wider range of
temperatures (Hess et al., 1963). On a broader scale, a 5°C decrease in temperature
shortens SLE and WEE virus transmission seasons by approximately 3 and 2 months,
respectively. However, regardless of temperature increase, SLE virus transmission is
restricted by gut and salivary gland barriers (Reisen et al., 1993). We can conclude that
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the varied terrain of southern California, which includes the very different thermal
regimes of the coast, inland valleys, mountains, and deserts, can profoundly influence the
temporal components of arbovirus transmission.
Some bird species are more competent hosts of arboviruses than others. The
number of avian host-bird species involved in WEE virus transmission in California may
be higher than that of SLE virus transmission. Reisen et al. (2003) showed
experimentally that 11 of 20 California bird species examined were competent hosts of
WEE virus, whereas only 6 of 22 species were competent hosts of SLE virus. In the same
study, RNA of SLE and WEE viruses were identified in autopsies of house finches
(Haemorhous mexicanus) more than six weeks after inoculation. Also, WEE virus RNA
was found at death in mourning doves (Zenaida macroura), Brewer’s sparrow (Spizella
breweri), and white-crowned sparrow (Zonotrichia leucophrys) more than six weeks after
infection. Similar findings were made in white-crowned sparrows, song sparrows
(Melospiza melodia), western scrub-jays (Aphelocoma californica), and orange-crowned
warblers (Vermivora celata) for SLE (Reisen et al., 2003). In a 10-year serological study
of SLE and WEE in peridomestic birds of Orange County that included mainly house
sparrows and house finches (Haemorhous mexicanus), Gruwell, et al. (2000) reported
approximately 1% overall prevalence of SLE virus infection among more than 52,000
birds, and negligible WEE virus infection. Rock doves (Columbia livia) showed the
highest prevalence of arbovirus infection, with 3.65 and 0.4% testing positive for SLE
and WEE viruses, respectively. House sparrows and house finches play important roles in
WN virus maintenance and amplification in enzootic transmissions in southern California
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(Molaei et al., 2010), as they have high population densities and fairly high infection
rates (house sparrow, 2.1%; house finch, 5.2%).
Introduction of new arboviruses into avian hosts in areas with endemic
arboviruses may produce cross-virus interactions between viruses and hosts. The
relatively recent introduction of WN virus into southern California, for example, seems to
have produced some form of “herd immunity” in avian hosts against SLE virus infection
in previously endemic habitats (Reisen et al., 2008).

Arbovirus Overwintering in Southern California
Arbovirus persistence in endemic areas, and their possible overwintering or
reintroduction mechanism, are parts of a complex process that is currently not well
understood. There are at least five possible mechanisms of overwinter virus persistence,
including: (1) continual transmission in the primary vector (Cx. tarsalis for SLE, WEE,
and WN viruses); (2) vertical transmission in primary vectors; and (3) continual
transmission through alternative hosts and vectors, potentially including non-avian
vertebrates. Maintenance of viruses through (4) chronic or relapsing infections in avian
hosts, and (5) reintroduction of viruses by migratory birds (across the Mexican border in
southern California), have also been suggested for overwinter virus persistence (Reisen et
al., 1992, 2006b).
With regard to continual transmission, SLE and WEE virus transmission persisted
in Kern County, CA, throughout the winter in some, but not all, years. The fact that virus
was isolated in mosquitoes and seroconversion was identified in sentinel chickens in the
same years supports the possibility of continuous transmission (Reisen et al., 1990,
1992). Vertical transmission of arbovirus has been demonstrated and identified in some
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Culex species, including Cx. tarsalis and Cx. erythrothorax; however, the frequency of
transmission seems quite low, and the efficiency of females infected by vertical
transmission to transmit the virus horizontally has not been demonstrated (Goddard et al.,
2003; Reisen et al., 2006b). Thus, the effect of transovarial transmission on virus
overwintering is thought to be minimal or negligible (Goddard et al., 2003; Reisen et al.,
2006b). Continual transmission of SLE, WEE, and WN viruses by mosquito vectors in
winter as an overwintering mechanism is, at best, limited in scope, as evidenced by the
frequent absence of viral RNA in winter surveillance and testing of both mosquitoes and
birds (Reisen et al., 2010).
House sparrows and house finches have shown year-round seroconversion for
SLE and WEE viruses in southern California (Gruwell et al., 2000). Moreover, WN
virus-infected dead crows, virus antibody detection, and virus isolation from wild birds
during the winter, though rare, also suggest year-round continual transmission (Reisen et
al., 2006b; Hinton et al., 2015). Some seropositive birds are capable of living for more
than a year, thus presenting the possibility of carrying a virus infection over the winter
(Gruwell et al., 2000). For active transmission during the winter, however, viruses must
be present in both the vector and host, yet mosquitoes sampled during winters are only
rarely positive for the viruses (Reisen et al., 2006b; Hinton et al., 2015). Winter avian
infections occur at such low frequencies that they may be of little significance for
overwintering of arboviruses.
Arbovirus persistence in winter through chronically ill avian hosts, and relapsing
or recrudescence of latent viruses, is not significant to virus overwintering due to the very
low frequencies at which relapsing viruses are released into the avian bloodstream, and
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the protection that mosquitoes receive from ingesting relapsed arboviruses
simultaneously with avian antibodies, thus preventing mosquitoes from becoming
infected (Reisen et al., 2006b; Wheeler et al., 2012). Re-introduction of arboviruses from
the southern border of Mexico into southern California has not been supported, as Reisen
et al. (2010) found migratory birds to be negative for both current and previous WNV
infections.
Accumulating evidence so far does not implicate any mechanism as significant in
virus persistence in enzootic transmissions, with a general consensus shifting towards a
combination of several mechanisms occurring together to produce this phenomenon
(Gruwell et al., 2000). However, the role of other mosquito vectors and hosts--especially
reptiles--in overwintering of SLE, WEE, and WN viruses in southern California has not
been investigated.

Specific Objectives
In the first study of this dissertation (Chapter 2), I used modified CDC CO2-baited
traps to investigate the effect of height and distance from two wetlands habitats, riparian
versus non-vegetated sites, on mosquito host-seeking behavior. The study site also made
it possible to study these relationships among different mosquito species. Height proved
to be more important than distance from water in influencing host-seeking behaviors of
mosquitoes. Culex tarsalis and Cx. erythrothorax, which are generally ornithophilic,
mainly exhibited host-seeking activities close to the ground, and the presence of
vegetation at the riparian habitat also increased host-seeking behavior of mosquitoes.
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In Chapter 3, I experimentally examined four hypotheses regarding the behavioral
interactions between birds (budgerigars, Melopsittacus undulates) and ornithophilic
mosquitoes (Cx. quinquefasciatus). Three hypotheses addressed the anti-mosquito
behaviors of birds, and a fourth novel hypothesis evaluated mosquito preference when
presented with a previously exposed and fresh birds. Bird anti-mosquito behaviors
increased in the presence of mosquitoes, and behaviors such as foot peck, foot shake,
head movement, body peck, and wing movement exhibited the largest increments. Bird
anti-mosquito behavior also increased with longer mosquito exposure. Mosquitoes
showed a greater preference for landing on the trunk of birds rather than the head or feet,
but showed no preference for landing on fresh birds compared to previously exposed
birds.
Chapter 4 examines, for the first time, data from serological surveillance of
rattlesnakes (Crotulus spp.) from four counties encompassing coastal, inland valley,
mountain, and desert habitats of southern California, and evaluates their possible role as
overwintering hosts of St. Louis encephalitis, western Equine encephalitis, and West Nile
viruses. Ten percent of the 40 snakes tested were seropositive for a non-West Nile
flavivirus presumed to be St. Louis encephalitis, and no samples were positive for
western equine encephalitis or West Nile viruses. All positive samples were from coastal
and valley regions of southern California (33% of 12 snakes), and were sampled in the
fall. These results, to the best of my knowledge, offer the first evidence of St. Louis
encephalitis in any reptile, and suggest that reptiles may be important reservoirs for
arboviruses in southern California.
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In Chapter 5, I summarize the major findings and implications from the three
studies, and offer suggestions for further study. My findings should broaden our current
understanding of the complex interactions between mosquito host-seeking behavior and
bird anti-mosquito behaviors, including their relation to environmental features, such as
water, height above ground, and extent of vegetation in the wetlands. They also provide
foundational data on the first extensive rattlesnake (Crotulus spp.) surveillance for
arbovirus in southern California. The results have potential relevance for mosquito
surveillance methods. I suggest that follow-up studies further examine the roost and nest
site preferences of birds in areas of high mosquito density; the capacity of mosquitoes to
distinguish between previously attacked and fresh birds based on stress-related chemicals
released by the former; and the possibility of reptiles serving as important reservoirs—
especially during the winter—for arboviruses.
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CHAPTER TWO
MOSQUITO CAPTURE RATE USING CO2-BAITED TRAPS FROM
SIMULATED ROOST SITES AT DIFFERENT HEIGHTS AND DISTANCES
FROM A RIPARIAN WETLANDS HABITAT

This chapter is adapted from the following published paper:
Eshun, O., Gerry, A. and Hayes, W.K., 2016. Mosquito Capture Rate Using CO2-Baited
Traps in Relation to Distance from Water and Height: Implications for Avian Disease
Transmission. Journal of medical entomology, 53(6), pp.1378-1384.

Abstract
Accumulating evidence suggests that mosquito vectors for pathogens such as
West Nile virus (WNV) are influenced by host-bird interactions, such as mosquito
preferences for specific species and developmental stages of host birds, host bird
availability, and host defensive behavior. Here, we examined how the attack rate of five
mosquito species in Southern California, USA, are influenced by the position of CO2baited traps in relation to distance from water and height above ground as a surrogate for
nest or roost position of host birds. We identified 44,207 female mosquitoes representing
five species: Aedes vexans Meigen, Anopheles franciscanus McCracken, Anopheles
hermsi Barr & Guptavanij, and the two most abundant species which are also WNV
vectors, Culex erythrothorax Dyar and Cx. tarsalis Coquillett. Mosquito-capture numbers
decreased most markedly with height above ground, and also decreased with distance
from a riparian area but not with distance from an open water source lacking a vegetated
border. Ornithophilic mosquito species, such as those that are vectors for WNV in
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southern California, may amplify the virus especially in reservoir birds that roost or nest
close to the ground and near riparian vegetation.
KEY WORDS: Bird, Nest, Height, Distance, West Nile virus
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Introduction
Mosquitoes are implicated in the transmission of numerous pathogens resulting in
severe diseases in humans and > 1 million human deaths each year (CDC 2007; Caraballo
and King 2014). In North America, mosquitoes transmit several arboviruses, including
the recently introduced West Nile virus (WNV), which has had a considerable impact on
human and animal health since its introduction into the United States almost two decades
ago (Komar 2003; CDC 2015; Pfeffer and Dobler 2010; Reisen 2013; Petersen et al.,
2013).
West Nile virus (WNV) is a flavivirus that was first isolated in Uganda in 1937
(Smithburn et al., 1940). Strains of the virus have since been isolated in other parts of
Africa, the Middle East, Europe, and more recently in North America (Melnick et al.,
1951; Hayes 1988; CDC 1999; Hubalek and Halouzka 1999; Nash et al., 2001; Komar
2003). Since its detection in the United States in 1999, WNV has become the most
prevalent arboviral disease and the leading cause of neuroinvasive arbovirus disease in
the nation (Nash et al., 2001; Reimann et al., 2008).
The main vectors implicated in the transmission of WNV are Culex spp.
mosquitoes, with wild birds serving as the primary reservoir hosts (Eldridge and Edman
2003). WNV is acquired by mosquitoes that bite an infected bird, and transmitted
following an incubation period by a bite to a new uninfected bird in a mosquito-birdmosquito cycle (Hayes et al., 2005). Mammals, including humans, may become infected
when bitten by infectious mosquitoes that bite both birds and mammals (bridge vectors),
though most mammals are “dead-end hosts” and do not develop sufficient viremia to
continue the virus transmission cycle (Taylor et al., 1956; Apperson et al., 2004; Turell et
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al., 2005; van der Meulen et al., 2005; Andreadis 2012). Mosquitoes of the genus Culex
are implicated in the maintenance and amplification of the virus in an enzootic cycle in
southern California, and given their feeding habits they likely also comprise important
bridge vectors of WNV (Goddard et al., 2002).
The frequency of pathogen transmission to susceptible hosts is determined in part
by the biting rate (including landing and probing) of vector mosquitoes on these hosts
(Garrett-Jones 1964). For each mosquito species, biting rate is influenced by mosquito
abundance and activity, which varies temporally with habitat and environmental
conditions, along with the abundance and availability of suitable hosts during the
mosquito host-seeking period (Lothrop and Reisen 2001; Saul 2003). Where multiple
host species are found together, biting rates on any particular host species may also be
influenced by host biting preferences of the mosquito population (Lothrop and Reisen
2001; Saul 2003; Ezenwa et al., 2006; Loss et al., 2009; Chaves et al., 2010; Lura et al.,
2012) and host characteristics, including defensive behaviors, that can reduce hostspecific biting rates on one species relative to others nearby (Nelson et al., 1976; Darbro
and Harrington 2007). For suitable hosts, the biting rate would be expected to have a
direct correlation to the host attack rate or the number of host-seeking mosquitoes
orienting toward and approaching a host (Eldridge and Edman 2003). For many mosquito
species, traps baited with host semiochemicals (particularly CO2) can be used as a
surrogate for an actual host to attract host-seeking mosquitoes in order to estimate
relative host attack rates at various locations or times.
Water plays a crucial role in the mosquito life cycle, both as an egg-laying site for
the gravid female and a development site for the immatures. Lothrop and Reisen (2001)
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reported that landscape features, such as water and vegetation found at nesting or roosting
sites of birds, influence the behavior of host-seeking mosquitoes. Shafer et al. (2006)
reported that a higher number of Culex mosquitoes were found in areas with more
vegetation cover and abundant temporary water. Nevertheless, Lothrop and Reisen
(2001) showed that birds which nest or roost over open water or in low vegetation (e.g.,
grass and marsh) are less likely to be fed upon by Cx. tarsalis Coquillett , an important
vector of WNV, compared to birds nesting in taller vegetation (e.g., shrubs and trees) at
the same locations. Some ornithophilic Culex species, such as Cx. p. pipiens L., Cx. p.
quinquefasciatus Say, and Cx. restuans Theobald also show greater host-seeking activity
at increasing height above ground, particularly at the canopy level (Anderson et al., 2006;
Drummond et al., 2006; Darbro and Harrington 2006; Janousek et al., 2014; Johnston et
al., 2014), though in contrast to the findings of others, Darbro and Harrington (2006)
reported equal numbers of Cx. p. pipiens at canopy and ground levels. However,
mammalophilic Aedes mosquitoes show consistently greater host-seeking activity closer
to the ground (Anderson et al., 2006; Šebesta et al., 2010; Johnston et al., 2014). Whereas
these few studies examined the effects of height on the foraging behavior of mosquitoes,
the influence of both height above ground coupled with distance from an aquatic
development and daytime resting site has not been well studied.
The purpose of this study was to examine the relationships of height above
ground and distance from two mosquito development sites, a vegetated riparian wetlands
corridor and a non-vegetated wetlands, on the attack rate of female mosquitoes. Based on
existing literature synthesized above, we hypothesize that the attack rates of ornithophilic
Culex mosquitoes would be lowest at locations nearer to the ground and more distant
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from two aquatic sites while the attack rates of mammalophilic mosquitoes, such as
Aedes vexans Meigen, would be lowest at locations higher above the ground and further
from the two aquatic sites. Because our study site was inhabited by multiple mosquito
species, we were able to compare these relationships among the different mosquito taxa.

Methods
We conducted the study from August to October, 2013, at two locations within
the 8,093 ha San Jacinto Wildlife Area (SJWA; 33°52′14.19″N, 117°7′6.86″ W), a
managed wetlands in Riverside County, California (Fig. 2.1). We initially trapped
mosquitoes for 10 nights across a 4-wk period (20 August to 18 September 2013) at a
vegetated location (grasses and shrubs < 0.3 m) adjacent to a riparian strip with trees of at
least 10 m height (Location 1 = “riparian wetland”). Overnight low temperatures ranged
from11.7-23.8°C during the nights sampled (U.S. Climate Data, San Jacinto, 2013). We
subsequently trapped mosquitoes for four nights during a 2-week period (24 September to
02 October 2013) at a non-vegetated location (dirt with few scanty spots of grasses)
adjacent to a large open water impoundment that lacked vegetation along the shoreline
(Location 2 = “open water”). Overnight low temperatures ranged from 11.1-13.9°C (U.S.
Climate Data, San Jacinto, 2013). Because trapping effort at the two locations was
sequential rather than simultaneous, we could only infer rather than directly compare the
differences at these trapping locations.
We modified Centers for Disease Control (CDC) miniature light traps (BioQuip
Products, Inc. Rancho Dominguez, CA) by removing the lights and suspending the traps
from 4-L metal paint cans that served as dry ice reservoirs for emitting carbon dioxide
(CO2). We insulated the inside of each can with a 1-cm-thick piece of Styrofoam®, and
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Figure 2.1: Map of the study area, showing positions of the nine mosquito traps
situated at Location 1 (adjacent to riparian wetland) and subsequently at Location 2
(adjacent to open water) within the San Jacinto Wildlife Area, Riverside County,
California.
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created six nail holes (7-mm diameter, three in the sides and three on the bottom) to allow
CO2 to escape. Based on overnight measurements from three insulated cans ({Change in
mass/molar mass of gas x Molar volume of gas}/ total time in min.), the crushed dry ice
(mean weight = 1.14 kg) released a mean of 784 mL/min CO2 (range: 641mL/min–
892mL/min). Mosquitoes attracted to the CO2 were forced downward by a small fan into
a mesh collecting bag, which was affixed to the lower part of the trap (Fig. 2.2A). Each
trap was connected by wire to a rechargeable 6-V 10-amp-hr battery to operate the fan.
We suspended each trap from a horizontal, 50-cm long, 2.1-cm diameter polyvinyl
chloride (PVC) pipe inserted perpendicularly just below the top of a vertical 1-, 3-, or 6m tall 8.2-cm diameter PVC pipe held upright by a metal post-holding stake (Fig. 2.2B).
Traps on the 3-, and 6-m poles were raised, lowered, and secured by a rope threaded
through a metal eyelet on the horizontal bar. The lower quarter of the 3- and 6-m vertical
PVC pipes were fortified internally with a section of 4 x 8 cm wood to prevent the poles
from bending and breaking.
Trapping was conducted at one of three heights (1, 3, and 6 m) randomly assigned
to each of three distances distance (5, 40, and 80 m) from a wetlands within three trap
lines perpendicular to the nearest water and at least 50 m apart (Fig. 2.1). Trap height was
thereafter rotated among distances within a trap line on subsequent nights. At Location 1,
traps placed at 5 m distance from the water’s edge were along the outer edge of the
riparian tree line, with traps greater than 1 m height situated within the tree canopy. Traps
at all other distances for Location 1 and at all distances for Location 2 were surrounded
by either low growing grasses (Location 1) or no vegetation (Location 2). We set the
poles and traps up before sunset, and filled all traps with dry ice and connected them to

44

Figure 2.2: (A). Mosquito CO2 trap hanging from a 6-m pole and connected to a
rechargeable battery. Trap poles (3” PVC pipes) of 1, 3, and 6-m heights were held
upright by a metal-post holding stake, and the trap on the two taller poles was raised,
lowered, and secured by a rope. (B). Mosquito trap, including insulated dry ice container
with perforations on the side and below for CO2 escape. (C). Mosquitoes trapped after
a trap night; fan and motor encased within a plastic are also visible.
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batteries within a 10-min period. Traps were visited at dawn after each trap night.
Trapped mosquitoes (Fig. 2.2C) were placed on ice, transported to the laboratory, and
stored in a refrigerator. Mosquitoes were sorted by species and sex using morphological
features (Meyer 2003, Eldridge 2008).
We compared mosquito captures at the three heights and distances using 3 x 3
(height x distance) analysis of variance (ANOVA) models followed by post-hoc Tukey’s
multiple comparisons (Zar 1996). We ran separate ANOVA models for each mosquito
species. We also analyzed results from the two wetlands locations separately. We ranktransformed the mosquito counts to meet parametric assumptions of normality and
homoscedasticity (two species with zero counts in one or more cells could not meet these
assumptions, but ANOVA is generally robust to departures; Zar 1996). We captured very
few males (0.17% of total mosquitoes analyzed), so we excluded them from analyses. We
used partial eta-squared (η2) as a measure of effect size, with values of 0.01, 0.06, and
≥0.14 loosely considered small, medium, and large effects, respectively (Cohen 1988).
Partial η2 can be interpreted as percent variance explained, though it is upward-biased
(Pierce et al., 2004). In no cases did partial η2 values for the main effects and interaction
sum to more than 1.0, so no adjustments were made. Following Nakagawa (2004), we
chose not to control for experimentwise error because doing so overemphasizes the
importance of null hypothesis testing when effect size is more meaningful, and
unacceptably increases the probability of making type II errors, i.e., the hyper-Red Queen
phenomenon: the more research one does, the lower the probability that a significant
result will be found (Moran 2003). All analyses were conducted using SPSS version 13.0
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for Windows (SPSS Inc., Chicago, IL), with alpha set at 0.05. Values are reported as
mean ± 1 S.E.

Results
In all, 44,207 female mosquitoes representing five species from three genera were
identified from the traps. The species included, in decreasing order of abundance, Cx.
tarsalis (50.0%), Cx. erythrothorax Dyar (37.1%), Aedes vexans (12.5%), Anopheles
franciscanus McCracken (0.25%) and Anopheles hermsi Barr & Guptavanij (0.15%).

Location 1 (Riparian Wetland)
Three of the five mosquito species (Ae. vexans, Cx. erythrothorax, Cx. tarsalis) showed a
significant decrease in mosquito trap captures with distance from water and the
associated riparian tree line (all P < 0.001; Fig. 2.3; Table 2.1). Multiple comparisons for
each of these species indicated mosquito captures relative to distance from water were 5
m > 40 m = 80 m. All five species exhibited a significant decrease in mosquito trap
captures with height above ground (all P < 0.001; Fig. 2.3, Table 2.1). Multiple
comparisons showed significant decreases in trap capture with increasing trap height for
Ae. vexans, Cx. erythrothorax, and Cx. tarsalis, and a significant decrease in trap captures
for An. franciscanus only between 1 m and greater trap heights. Importantly, effect sizes
for height (partial η2 values, range 0.26–0.62) were consistently much larger than those
for distance (0.00–0.25; Table 2.1). The significant interaction between distance and
height for one species (An. hermsi: P < 0.001) suggested an increase in captures with
distance for the lowest (1 m) height, and decreases with distance for the other two heights
(Fig. 2.3).
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Figure 2.3: Mean (±1 SE) number of mosquitoes of five species captured per trap-night
(N = 10 nights) at Location 1 (adjacent to riparian habitat). Nine traps were randomly
assigned to three distances and three heights.
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Table 2.1: Results from 3 x 3 (distance x height) ANOVAs (with partial ɳ2 effect sizes)
for captures of female mosquitoes at Location 1 adjacent to a wet riparian habitat.
Species

Distance

Height

Interaction

F(2,81)

P

Partial
ɳ2

Aedes vexans

9.88

0.000

0.20

43.14

0.000

0.52

1.28

0.29

0.06

Anopheles
franciscanus

0.92

0.40

0.02

23.21

0.000

0.36

1.64

0.17

0.08

Anopheles
hermsi

0.08

0.92

0.00

14.00

0.000

0.26

4.98

0.001

0.20

Culex
erythrothorax

11.33

0.000

0.22

64.92

0.000

0.62

1.41

0.24

0.07

Culex
tarsalis

13.43

0.000

0.25

21.48

0.000

0.35

1.82

0.13

0.08

F(2,81)
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P

Partial
ɳ2

F(4,81)

P

Partial
ɳ2

Location 2 (Open Water)
All mosquitoes captured at Location 1 were also captured at Location 2, except
An. hermsi. None of the four mosquito species captured at this location showed
significant differences in captures with distance from water (all P > 0.10; Table 2.2; Fig.
2.4). However, similar to Location 1, all four species showed significant decreases in trap
captures with increasing height above ground (all P ≤ 0.004; Table 2.2; Fig. 2.4).
Multiple comparisons revealed significant differences between 1 m and all greater
heights, but no significant difference between 3 and 6 m for all four species. As at
Location 1, effect sizes for height above ground (0.34–0.70) always exceeded those for
distance from water (0.01–0.04). For three mosquito species, effect sizes for distance
were much larger at Location 1 than at Location 2 (Ae. vexans: 0.20 and 0.04,
respectively; Cx. erythrothorax: 0.22 and 0.01; Cx. tarsalis: 0.25 and 0.02; Tables 2.1 and
2.2). Thus, the lack of significance for distance from water at Location 2 was the result of
a smaller effect size, and not from a smaller sample size.

Discussion
To better understand the dynamics of mosquito interactions with their hosts, we
experimentally examined the relative importance of simulated host distance from water,
height above ground, and vegetation structure on the capture rates of mosquitoes. Our
experimental design allowed us to directly compare the relative importance of distance
from water and height above ground. However, we could only infer the effects of
vegetation structure because the two locations considered—fields adjacent to a riparian
wetland (Location 1) and open water (Location 2)—were studied consecutively rather
than simultaneously.
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Table 2.2: Results from 3 x 3 (distance x height) ANOVAs (with partial ɳ2 effect sizes)
for captures of female mosquitoes at Location 2 adjacent to open water.
Distance
Species

Height

Interaction

F(2,27)

P

Partial
ɳ2

F(2,27)

P

Partial
ɳ2

F(4,27)

P

Partial
ɳ2

Aedes vexans

0.55

0.59

0.04

23.14

0.000

0.63

0.47

0.76

0.07

Anopheles
franciscanus

0.32

0.73

0.02

6.83

0.004

0.34

0.32

0.86

0.04

Culex
erythrothorax

0.12

0.89

0.01

30.83

0.000

0.70

2.20

0.10

0.25

Culex
tarsalis

0.32

0.73

0.02

19.29

0.000

0.59

0.10

0.98

0.02
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Figure 2.4: Mean (±1 SE) number of mosquitoes of four species captured per
trap-night (N = 4 nights) at Location 2 (adjacent to open water). Nine traps were
randomly assigned to three distances and three heights. One species (Anopheles
hermsi) did not appear in traps at this location.

52

Results from both locations suggest that the height above ground of a bird roost or
nest site has a greater effect than distance from water in reducing the attack or capture
rate of mosquitoes. At both locations, mosquito captures declined with increasing height
above ground, even for traps within the tree canopy at the edge of the riparian corridor
(5m trap positions at Location 1). Accordingly, birds at our study site might better
succeed in reducing or escaping mosquito attacks by roosting or nesting at greater heights
above the ground, rather than by seeking greater distances from water. Some relief from
mosquito biting could also be gained by roosting or nesting at greater distances from the
water, but this effect was evident only near the riparian wetlands, and not near the open
water wetlands devoid of vegetation. The trees and other tall vegetation along the riparian
site may provide suitable daytime resting places for mosquitoes, thus contributing to
increased mosquito attack on CO2-baited traps closer to the riparian wetland study site as
host-seeking behavior is initiated in the evening. Our data suggest the host-seeking
females rest in the vegetation predominantly near ground level or move immediately
toward ground level upon departing higher resting sites within the riparian area.
Studies elsewhere suggest that mosquito species belonging to the Culex complex,
such as Cx. pipiens and Cx. quinquefasciatus, commonly seek avian hosts at elevated
heights (>5 m), and this has been interpreted as an ornithophilic characteristic of these
species (Deegan et al., 2005; Drummond et al., 2006; Savage et al., 2008; Šebesta et al.,
2010; Janousek et al., 2014; Johnston et al., 2014). However, we found numbers of hostseeking Cx. erythrothorax and Cx. tarsalis to be significantly greater at the 1-m trap
compared to the 3- and 6-m traps at both locations. The current study differs from the
previous studies cited above in that traps were predominantly located above open
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grassland or bare ground and thus lacked trees or other landscape complexity near the
traps that was present in the other studies. Nevertheless, it is important to note that in the
current study even the traps positioned within the riparian tree canopy, and presumably
providing a level of landscape complexity similar to other studies cited, were also found
to capture increasing number of Culex mosquitoes with reduced trap height. Although
Cx. pipiens and Cx. quinquefasciatus are primarily ornithophilic in their feeding
behavior, they are also known to feed on non-avian hosts (Patrican et al., 2007; Molaei et
al., 2010). In southern California, Cx. tarsalis reportedly prefers avian hosts, but will also
feed on large mammals, and Cx. erythrothorax will readily feed on large mammals as
well when presented with the opportunity (Gerry et al., 2008; Molaei et al., 2010; Reisen
et al., 2013). Other studies suggest that Cx. erythrothorax is opportunistic in its feeding
behavior, and this trait seems to vary by geographic region (Tempelis 1970; Gunstream et
al., 1971; Jakob et al., 1989). Our findings suggest that, at our study site, host-seeking
female Culex tarsalis and Cx. erythrothorax fly relatively close to the ground when
foraging or orienting toward host odors (CO2), perhaps indicating a preference for
ground-level hosts or as a means to more efficiently detect and follow host odors
(particularly CO2) which may accumulate near ground level or may be less subject to
dispersion by wind movements near ground level. Without further study, it remains
unclear whether the differences in attack rate by trap height among Culex taxa in this
study relative to previous studies are species-specific, or relate to habitat variation or
different experimental methods.
Our results for Ae. vexans were consistent with those of other studies, which were
conducted in habitats with different features, showing a preference for hosts near the
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ground (Anderson et al., 2006; Obenauer et al., 2009; Šebesta et al., 2010; Johnston et al.,
2014). Host-seeking near the ground may be due to the mammalophilic characteristic of
this species.
The effect of distance from water appeared to be greater in the riparian habitat
(Location 1) compared to the open water (Location 2). Although this difference could
result from the smaller number of captures at the open wetland and less statistical power,
the contrast between effect sizes, which were large for the riparian habitat and small for
the open wetland, suggests the difference was real. Two possibilities could explain why
distance from water had a greater effect on mosquito attack rate near the riparian habitat.
First, the lack of tall vegetation near the open water wetlands may reduce mosquito
resting near water at this site, so that mosquitoes foraging through the wetlands more
widely are equally likely to encounter traps at each distance from the open water edge.
Mosquitoes that emerge from wetlands near trees, in contrast, may be inclined to remain
near the trees where they are likely to experience less air movement as they search for
hosts. The second possibility is that a seasonal effect occurred, with mosquitoes venturing
further from wetlands later in the season when temperatures had declined. We conducted
the riparian wetland study in late August and through late September and the open water
study during late September and early October. The possibility that mosquitoes attack
rate may be influenced by physical features such as vegetation was suggested by Lothrop
and Reisen (2001). Multiple comparisons at the wet riparian site suggest, at least for the
Culex species captured, a reduction in the biting pressure of mosquitoes on hosts with
increased distance from 5 to 80 m away from the edge of the riparian stream.
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A key limitation of our study concerns the rate of CO2 release from the traps.
Although the amount of dry ice used and the rates we measured were within limits used
by current CO2-baited surveillance traps (Mullens 1995; Cooperband and Carde 2006),
they do not realistically portray the stimulus configuration of actual birds. Carbon dioxide
production by individual birds ranges from roughly 3 mL/min in a 20 g sparrow to 25
mL/min in a 2000 g chicken and 50 mL/min in a 9000 g turkey (Williams 1987;
Braverman et al., 1991; Alexander et al., 2002). Carbon dioxide release at our mosquito
traps averaged ca. 784 mL/min, which would be roughly equivalent to the CO2 output
(based on a power curve for the three aforementioned values) from a flock of several
hundred house finches (Haemorhous mexicanus, 20 g) or red-winged blackbirds
(Agelaius phoeniceus, 50 g), or from 40–50 red-tailed hawks (Buteo jamaicensis, 1000 g)
or great egrets (Ardea alba, 1000 g). These species all occur at the study site, but would
not be grouped tightly in such numbers. Because the stimulus we used was the same for
all heights and distances, the relationships between these variables and mosquito
attraction are probably valid; however, the quantity of CO2 attractant dispersed by these
trap systems represents a supernormal stimulus, and therefore further study is needed to
better understand how nest or roost site selection by birds might affect their vulnerability
to mosquito attack.
In conclusion, height of CO2-baited traps above the ground had a substantially
greater effect than distance from water in reducing the attack or capture rates of at least
four species of southern California mosquitoes (An. hermsi appears to be an exception,
but was captured in small numbers) at our southern California study site. Vegetation
structure near the water source appeared to influence these relationships. Birds in areas of
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high mosquito density, such as at our study site, potentially experience selection that
favors use of higher roost and nest sites; however, experimental study would be necessary
to confirm this. Our findings suggest that ornithophilic mosquitoes in southern California,
particularly those belonging to the Culex genus, which are competent vectors of WNV,
may be more likely to amplify WNV in reservoir birds which roost or nest near the
ground and close to or within riparian habitat. Our findings should also be taken into
consideration when setting up surveillance traps for mosquitoes that vector WNV or other
pathogens.
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CHAPTER THREE
BEHAVIORAL RESPONSES OF BIRDS TO
MOSQUITOES, AND MOSQUITO LANDING PREFERENCES ON BIRDS
Oliver Eshun and William K. Hayes

Abstract
The dynamics of vector-host relationships play an important role in the
epidemiology of vector-borne diseases. To broaden our understanding of the complex
interactions between mosquitoes and birds, we experimentally examined four hypotheses
regarding the behavioral interactions between ornithophilic mosquitoes (Culex
quinquefasciatus Say) and budgerigars (Melopsittacus undulates). Following 30 min
acclimation, we videotaped birds in groups of four as a new bird was exposed to 50
female mosquitoes every 30 min in a staggered manner until all four birds were exposed
by the end of the 2.5-hour period. Multivariate analyses supported three hypotheses: (1)
some behaviors were relied on more than others to thwart mosquito landings, namely foot
peck (showing the greatest increment), foot shake, head movement, body peck, and wing
movement; (2) some behaviors changed over the time course of mosquito exposure, with
body peck decreasing and foot shake increasing; and (3) some behaviors corresponded to
specific body regions upon which the mosquitoes landed, especially bird head
movements which were associated with mosquito landings on the head. Mosquitoes also
landed more frequently on the trunk of birds compared to the head and feet. Although
anti-mosquito behaviors of birds are activated by mosquito attacks and are effective at
reducing mosquito predation, we found no support for the fourth hypothesis—the primary
focus of this study—that mosquitoes prefer to land on previously unmolested rather than
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previously-attacked birds. Our findings highlight the complexity of mosquito-bird
interactions and illustrate the inherent difficulties of disentangling the effects of bird
defensive behaviors, carbon dioxide production, and stress hormone emission on
mosquito landing preferences. The coevolved behavioral interactions of mosquitoes and
birds warrant further attention because of epidemiological implications for disease
transmission.
KEYWORDS: Mosquito, anti-mosquito behavior, Culex quinquefaciastus, budgerigars
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Introduction
Many diseases are transmitted by vectors that carry a pathogen from one host to
another. Several intrinsic vector-host attributes regulate the dynamics of vector-borne
diseases, including relative abundance of both the vector and host; vector attraction to a
host that can support pathogen survival at a suitable incubation temperature; ability of a
host to evade the vector; and pathogen amplification at infective-dose levels in host blood
(c.f. MacDonald, 1957). Vector-host interactions and transmission of vector-borne
infections are also influenced by extrinsic environmental factors, such as landscape and
temperature, humidity, wind speed, and wind direction during the vector host-seeking
period (Lothrop and Reisen, 2001; Gage et al., 2008; Marinkovic et al., 2014).
Mosquitoes comprise one of the most important vectors of vector-borne diseases
of humans and livestock, causing >700 million human infections and several million
deaths annually (Taubes, 1997; WHO, 2017). Birds are the most common hosts of
mosquito-borne diseases, particularly arthropod-borne viruses or arboviruses (Reed et al.,
2003). Pathogens are acquired by mosquitoes that bite an infected bird, and are
transmitted following an incubation period by a bite to a new uninfected bird in a
mosquito–bird–mosquito cycle (Hayes et al., 2005). For many arboviruses, humans and
other mammals may become infected when bitten by infectious mosquitoes that bite both
birds and mammals (bridge vectors), though most mammals are “dead-end hosts” and do
not develop sufficient blood titer to continue the transmission cycle (Taylor et al., 1956;
Apperson et al., 2004).
Mosquito vectors exhibit complex and variable behavior in the presence of hosts.
Dow et al. (1957) observed similar numbers of Culex tarsalis Coquillett attracted to birds
of the same size independent of bird species. However, some studies suggest that
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mosquito foraging behavior, including that of Cx. tarsalis, is species-specific or even
group (passerine or non-passerine)-specific for birds (Lothrop and Reisen, 2001;
Enzenwa et al., 2006; Lura et al., 2012). Based on blood analyses from engorged
mosquitoes, sympatric Cx. erythrothorax Dyar preferred to feed on American crows
(Corvus brachyrhynchos), Cx. tarsalis preferred house sparrows (Passer domesticus), and
Cx. quinquefasciatus Say preferred house finches (Haemorhous mexicanus) when
presented with these bird species simultaneously (Lura et al., 2012). Darbro and
Harrington (2007) further observed that Cx. p. pipiens L. aggregates more densely around
and experiences greater feeding success upon house sparrows than chickens (Gallus
gallus domesticus. Mosquitoes feed on birds by usually landing on the feathers before
proceeding to an area with exposed skin or fewer feathers, such as the legs and near the
eyes, base of beak, or anal area (Blackmore and Dow, 1958; Corbet and Downe, 1966;
Webber et al., 1972).
Host-seeking mosquitoes rely on visual, olfactory, and thermal cues from
potential hosts, and detectability of the latter two cues are subject to environmental
temperature and humidity (Bowen, 1991). Visual stimuli generally influence mosquito
foraging behavior from longer distances (up to 19 m) than other cues, although species
may vary with thresholds for detection (Kennedy, 1940; Bidlingmayer and Hem, 1980)
and light wavelength preferences (Brown, 1951; Mayer and James, 1969; Burkett et al.,
1998). However, mosquitoes (in terms of species and numbers) are attracted to carbon
dioxide more so than any other stimuli in both field and experimental studies (Reeves,
1951; Carestia and Savage, 1967; Kline et al., 1990; Dekker et al., 2005). Attraction
toward carbon dioxide is enhanced when combined with other attractants, such as visual
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cues (Newhouse et al., 1966), other semiochemicals (Kline et al., 1998), and body heat
(Brown, 1951). However, this synergism is not observed for all mosquito species (Kline
et al., 1998). Carbon dioxide and body heat are especially important attractants for
mosquitoes at close proximity to a host, whereas other host semiochemicals are more
important attractants (via their antennae) with increasing distance, although they
supplement the attractive effects of carbon dioxide at close proximity to a host (Khan et
al., 1966; Gillies, and Wilkes, 1970; Dekker et al., 2005). Mosquitoes are also attracted to
moisture and body temperature, with the former having a greater effect when
environmental temperatures are above 15°C and the latter when temperatures below 15
°C (Brown, 1951; Takken, 1991). Several studies suggest that mosquitoes are able to
differentiate pathogen infected hosts from uninfected hosts due to pathogen manipulation
of host odors (Day et al., 1983; De Moraes et al., 2014; Wu et al., 2017). This
phenomenon may however, be a by-product of host immune response to the pathogens,
and not necessarily pathogen manipulation of host odors (Cator et al., 2013). Gervasi et
al. (2016) demonstrated that mosquitoes prefer birds with experimentally elevated stress
hormones (corticosterone) more than control birds by relying on body odors of stressed
birds. In birds, corticosterone levels can increase dramatically within minutes of
experiencing stress (Le Maho et al., 1992).
Host behavior is also important for understanding mosquito host-seeking behavior
and feeding success. Birds carry out a number of well-characterized defensive behaviors
that can effectively reduce mosquito feeding success (Edman and Kale, 1971; Edman et
al., 1972; Webber et al., 1972; Edman et al., 1974; Walker and Edman, 1985). Kate et al.
(1972) reported that individual birds of the same species show differences in anti-
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mosquito behaviors, although individual differences were less than those exhibited by
different age classes and species, and at different mosquito densities. Regarding age
differences, studies have reported mosquitoes landing more frequently on adults (Griffing
et al., 2007); no difference in mosquito feeding success on adults and nestlings (BurkettCadena et al., 2010); and reduced mosquito feeding success on adults by use of more
efficient anti-mosquito behaviors relative to nestlings (Blackmore and Dow, 1958; Kale
et al., 1972; Scott et al., 1990). Increased mosquito density has been associated with
increased host bird defensive behavior (Maxwell and Kale, 1977) and decreased
mosquito feeding success, mainly due to changes in behavior (Edman et al., 1972). Some
anti-mosquito behaviors, such as body-pecking, feather-fluffing, head-scratching, and
foot-shaking, are also important general maintenance behaviors in birds, occurring at low
frequency even in the absence of mosquito attacks (Maxwell and Putnam, 1968). Bird
anti-mosquito behaviors may also change over time. Anti-mosquito behaviors of house
sparrows and chickens decreased across multiple nights of exposure (Darbro and
Harrington (2007) similarly, mosquito feeding success on Japanese quail (Coturnix
japonica; Anderson and Brust, 1996) decreased over time, which was interpreted as
improved efficiency in anti-mosquito behaviors. Developmentally, mosquito landing
rates on American robin (Turdus migratorius) nestlings increased as brooding by adults
diminished over time (Griffing et al., 2007). This observation may be due to decreased
protection of nestlings from adult birds or increased CO2 and other semiochemicals from
maturing nestlings.
The primary purpose of this study was to test the novel hypothesis that (1) the
ornithophilic mosquito Cx. quinquefasciatus prefers to land on fresh birds (budgerigars,
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Melopsittacus undulates) rather than previously attacked birds, which could be mediated
by either behavioral and/or chemical cues arising from the birds. If anti-mosquito
behaviors of birds are activated by mosquito attacks and are effective at reducing
mosquito predation, then a mosquito should have more success attacking a previously
unmoslested bird. Alternatively, mosquitoes might prefer previously attacked birds if the
birds produce elevated levels of carbon dioxide associated with defensive behaviors and
elevated corticosterone in response to stress. We also characterized bird responses to
mosquito landing pressure by testing three additional hypotheses that undergird our
primary hypothesis: (2) bird behavior corresponds to mosquito landing pressure; (3) bird
behavior corresponds to duration of mosquito exposure; and (4) bird behavior
corresponds to where mosquitoes land. Understanding bird responses to mosquito landing
pressure (assumptions 2–4) is essential to properly control for the behavior of
unrestrained birds while examining mosquito host preferences. Many aspects of
mosquito-host interactions occur simultaneously, which makes it a challenge to identify
associations and disentangle cause-effect relationships. Our study design, however,
allowed us to test all of the above hypotheses within a single experiment in a controlled
laboratory environment.

Methods
Birds
We obtained 20 ♂♂ and 4 ♀♀ 2–3-month-old budgerigars (Melopsittacus
undulatus) in batches of four from the Magnolia Bird Farm, Riverside, CA. Apart from
the video trial (2.5–3 hr; see below), birds were kept together (groups of four) in a small
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cage provided by the Bird Farm, and were supplied food and water ad libitum during the
24 hr in our possession. We used each bird once in a trial and then returned it to the Bird
Farm. We used budgerigars because they were readily available in captivity, which
circumvented the difficulties of obtaining and working with wild birds, and because they
have served as models in other studies of bird-mosquito interactions (Hancock and
Foster, 1997; Komar et al., 2003). Our birds were also naive to mosquitoes, which
ensured that their behavioral responses were not conditioned by prior exposure.

Mosquitoes
We purchased 0–4-day-old standard assay Culex quinquefasciatus Say
mosquitoes in batches of 50 from the Department of Entomology, University of
California, Riverside. Each batch consisted of approximately 94% females. We
maintained the mosquitoes up to 3 days in standard 76 × 76 × 76 cm (L × W × H) cages
within the same climate-controlled (27 ± 2°C) 2.4 × 3.0 m study room that housed the
birds. We fed the mosquitoes ad libitum on 10% (w/v) glucose/water solution, and
starved them at least 6 hours (see Mnyone et al., 2010) prior to a trial.

Experimental Setup and Trials
We conducted the study during normal hours of darkness (2000–2400 hr) in the
aforementioned room over a 6-day period. We tested four birds simultaneously in
separate cages during each trial. We transferred each bird into a 30.5 × 18 × 62.5 cm
compartment created via cardboard partitions within commercial 50 × 32 × 40 cm bird
cages of 9- and 11-gauge wire at 1.9-cm spacing (model #1305, Prevue Pet Products,
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Inc., Chicago IL USA). Birds were transferred at least 15 min before the beginning of
each trial to allow acclimatization. We enclosed each cage within a small net (74 × 51 cm
sheet of white, polyester, 30-holes-cm-2 mosquito netting) to prevent mosquito access to
the birds. We also enclosed the entire set up, including four generic high-definition infrared (24 LED) USB video cameras focused on each of the four bird cages, within a large
net (2.7 × 2.1 m) suspended from the ceiling and duct-taped securely to the floor to
contain the mosquitoes after their release (Fig. 3.1).
We attached a string to each of the small nets, and threaded the string through the
larger net so that we could pull on and remove the small nets when desired to expose
birds within the cages to mosquitoes. Cameras were situated 38 cm from the front of
cages, approximately level with the bird's chest, and set to record simultaneously at 60
fields  sec-1 and 1280 x 720 resolution via Open Broadcaster Software (OBS) Studio
(version 0.15.4.). We began each trial by recording the baseline behavior of birds (after
acclimatization) for 30 min in darkness. Next, we removed a small net from one of the
cages by pulling on its string, and then lifted a small portion of the larger netting to
introduce a batch of 50 mosquitoes within the larger net. We gave mosquitoes access to
one bird for 30 min, and then removed another small net in random order every 30 min to
give mosquitoes access to each of the remaining birds. Thus, over a 2.5-hr period we
videotaped bird-mosquito interactions during baseline and staggered amounts of exposure
of each bird to mosquitoes (Fig. 3.2). As mosquitoes were given access to more birds, the
number of mosquitoes within the large net cage declined from 50 to 25 to 16.7 to 12.5 per
bird during the periods of 0–30, 30–60, 60–90, and 90–120 min, respectively.
Accordingly, different levels of bird exposure time to mosquitoes was confounded with
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number of mosquitoes present per bird, which had important implications for testing
hypotheses.
After completing the trial, we disturbed mosquitoes at one side of the large net,
thereby forcing them to move toward the opposite side so that we could remove the cages
and birds. We then collapsed the large net to entrap the mosquitoes, which were
euthanized in a -80°C freezer. Dead mosquitoes were subsequently shaken out of the
netting and discarded before reuse of the netting. Although we observed some bloodengorged mosquitoes, we did not quantify mosquito feeding success.
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Figure 3.1: Schematic for recording behavioral interactions of budgerigars (four
same-sex captive-reared Melopsittacus undulatus) and mosquitoes (50 laboratoryreared female Culex quinquefasciatus). After mosquitoes were released into the large
net, bird exposure to mosquitoes was staggered by sequentially removing in random
order a small net (via attached thread) every 30 min. Cumulative exposure of
individual birds varied from 30–120 minutes. Six replicate trials, each with a separate
batch of mosquitoes and birds, were videotaped with infra-red cameras in darkness
during 2000–2400 hr.
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Figure 3.2: Four hypotheses regarding interactions of budgerigars (Melopsittacus
undulatus) and mosquitoes (Culex quinquefasciatus) during five consecutive 30-min time
periods involving protection by a net (N) followed by release of 50 mosquitoes with
staggered durations of prior exposure to mosquitoes (M-minutes). Number of mosquitoes
per bird in enclosure declined with each successive time period as more birds were exposed
to mosquitoes. Shaded boxes indicate cells subjected to statistical tests. Hypothesis 1:
comparison of bird behavior during mosquito absence (N) versus first 30 min of mosquito
exposure (M-0) and at different numbers of mosquitoes per bird (a two-factor analysis),
without confounding of exposure time to mosquitoes. Hypotheses 2 and 4: comparisons of
different bird behaviors and mosquito landings with varying duration of bird exposure to
mosquitoes, analyzed for three separate time periods without confounding of number of
mosquitoes per bird. Hypothesis 3: analyses restricted to first 30-min period of exposure
to mosquitoes (M-0), with variable numbers of mosquitoes per bird.
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Videotape Reviews
During videotape analysis, we recorded the frequency of eight behavioral acts
exhibited by birds during each 30-min period (c.f. Maxwell and Putnam, 1968; Webber et
al., 1972; Darbo et al., 2007). These included change position (hops, turns around, or fly),
feather fluff (shakes plumage over entire body), head movement (moves head from side to
side, tosses head upwards or downwards, or rubs head against wings or feet), wing
movement (shakes, flaps, or stretches wing), body peck (pecks at tail, wing, or chest), foot
peck (pecks one foot or both), foot shake (lifts foot, may rub against belly, then stomps
foot on floor), and tail shake (moves tail laterally in both directions). Some behaviors
were mutually exclusive (e.g., change position versus all others; head movement versus
body or foot peck), but some behaviors were at times exhibited simultaneously. We also
recorded the number of mosquito landings on the head, trunk, and feet of the birds during
each 30-min period.
Of the 30 data sets representing six trials with five 30-min time periods, the
recording period was inadvertently abbreviated to 22 min in one trial and 26 min in
another trial. We therefore adjusted behavioral measures and mosquito landings to reflect
a normal 30-min period. One bird also moved out of camera focus part way during the
trial, resulting in loss of data for that individual during time periods 4 and 5.

Statistical Analyses
Because the study design precluded use of all data in any single analysis, we used
a separate approach with a limited subset of data (cells) to test each of the four
hypotheses while controlling for duration of prior mosquito exposure and/or number of
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mosquitoes per bird, as illustrated in Fig. 3.2 For data summed across all bird behavioral
acts, we conducted analyses without transformation because the data met parametric
assumptions of normality and homoscedasticity. However, we rank-transformed data for
analyses that involved individual bird behaviors and number of mosquito landings to
better meet assumptions.
Because analyses varied among the four hypotheses, we define each statistical
model in the Results section. In general, we tested all hypotheses initially with an
omnibus model that considered all bird behaviors and/or mosquito landings
simultaneously, and then conducted post-hoc analyses to evaluate individual behaviors
and/or mosquito landings. The tests included (1) multivariate analyses of variance
(MANOVAs) and/or covariance (MANCOVAs) followed by univariate ANOVAs and/or
ANCOVAs and discriminant function analyses (DFAs), or (2) canonical correlation
followed by multiple linear regression (Field, 2013; Tabachnick et al., 2013). For
MANCOVAs and ANCOVAs, we confirmed the assumption of homogenous regression
slopes before proceeding. When we analyzed all behavioral acts summed together, we
compared groups using a t-test and univariate ANOVAs (Field, 2013). We computed
effect sizes as multivariate eta-squared (η2) for MANOVAs, partial η2 for factorial
ANOVAs, η2 for univariate ANOVAs, η2 (computed as l - Wilks’ Λ) for DFAs, Rc2 for
canonical correlation, r2 for t-tests, and adjusted R2 for multiple linear regression (Field,
2013; Tabachnik and Fidell, 2013). These all indicate approximate percent of variance
explained in the dependent variable by an independent variable or interaction, with small,
medium, and large effects corresponding loosely to values of ~0.01, ~0.06, and ≥0.14 for
η2, and ~0.01, ~0.09, and ≥0.25 for r2, respectively (Cohen, 1988). However, our
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interpretations took into consideration the fact that eta-squared is upward-biased,
increasing when multiple variables are included in a model (Field, 2013; Tabachnik and
Fidell, 2013).
We conducted all analyses using SPSS version 13.0 for Windows (SPSS Inc.,
Chicago, IL, USA), with alpha set at 0.05. Following Nakagawa (2004), we chose not to
control for experimentwise error because doing so overemphasizes the importance of null
hypothesis testing when effect sizes are more meaningful (i.e., they are more independent
of sample size and more readily compared among different data sets and studies), and
unacceptably increases the probability of making type II errors (i.e., the hyper-Red Queen
phenomenon: the more research one does, the lower the probability that a significant
result will be found; Cohen, 1988; Moran 2003; Nakagawa and Cuthill, 2007). Values are
reported as mean ± 1 SE.

Results
Hypothesis 1: Bird Behavior Corresponds to Mosquito Landing Pressure
We predicted that bird behavioral acts would increase when mosquitoes were
present but decline as mosquitoes became spread out among more birds (i.e., reduced
mosquito density) with each successive time period. We therefore analyzed bird
behaviors with respect to two independent variables: mosquito presence treated as a
within-subjects factor, and time period treated as a between-subjects fact, with the latter
corresponding to number of mosquitoes present per bird. The comparisons we undertook
avoided confounding of exposure time to mosquitoes and provided large samples (N =
24; Fig. 3.2).
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Although individual birds exhibited most of the eight behaviors during the 30-min
periods regardless of mosquito presence, all behaviors increased after exposure to
mosquitoes (Table 3.1, Fig. 3.3). Mean behavioral acts (before rank-transformation for
analysis) increased most dramatically in the presence of mosquitoes for foot peck (15.9fold) and foot shake (3.9-fold), followed by head movement (2.8-fold), change position
(2.7-fold), wing movement (2.5-fold), body peck (1.6-fold), and feather fluff (1.4-fold).
Tail shake rarely occurred (0–2 per 30 min), except that one individual shook its tail 82
times in the presence of mosquitoes, which rendered meaningless the 35.0-fold increase
in mean values. For the MANOVA with the combined dependent variable of eight bird
behaviors, we found higher levels of behavior in the presence of mosquitoes (absent
versus present: Wilks’ Λ = 0.14, F8,13 = 9.82, P < 0.001, multivariate η2 = 0.86; Fig. 3.3),
but no effect of time period (number of mosquitoes present per bird: Wilks’ Λ = 0.18,
F24,38.3 = 1.28, P = 0.24, multivariate η2 = 0.43), and no interaction between mosquito
presence and time period (Wilks’ Λ = 0.50, F24,38.3 = 0.43, P = 0.98, multivariate η2 =
0.21).
Post-hoc univariate ANOVAs (Table 3.1) suggested that five of the eight behaviors
increased significantly with mosquito presence (Fig. 3.3), and had large effect sizes
(partial η2 ≥0.23): foot peck (P < 0.001), foot shake (P < 0.001), head movement (P =
0.002), body peck (P = 0.004), and wing movement (P = 0.023). As in the MANOVA, no
significant interactions existed between mosquito presence and time period (all P > 0.28,
all partial η2 ≤ 0.17). However, one behavior, change position, was significant for time
period (P = 0.037), and three other behaviors also had large effect sizes (partial η2 ≥
0.22), suggesting there were declines in change position, wing movement, and body peck
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concomitant with a reduction in number of mosquitoes present per bird (data not shown);
for head movement, group differences existed but there was no discernable linear trend.
The post-hoc DFA (Table 3.1), which included the eight behaviors as predictors but not
time period due to lack of overall significance in the MANOVA, yielded a highly
significant model (Wilks’ Λ = 0.29, χ2 = 51.60, df = 8, P < 0.001, η2 = 0.71). The
combined eight behaviors predicted mosquito absence and presence accurately for 95.8%
and 91.7% of cases, respectively (93.8% overall), and 91.7% and 83.3% of crossvalidated cases, respectively (87.5% overall). Behaviors that contributed most to
discrimination (Table 3.1) were foot peck, feather fluff, and foot shake (standardized
canonical coefficients: 1.036, -0.706, and 0.437, respectively).
The most reliable behaviors differentiating mosquito presence varied somewhat
between univariate ANOVAs, which examined individual behaviors in isolation, and the
DFA, which evaluated the relative contribution of individual behaviors to group
differentiation while retaining covariance among all behaviors (Table 3.1). However,
increased levels of foot peck was the most consistent indicator of anti-mosquito behavior.
We therefore used foot peck to control for bird behavior in tests of hypothesis 4. We
preferred using a single behavior to maximize the signal-to-noise ratio of mosquito
responsiveness, as some behaviors were unaffected by mosquito presence.
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Table 3.1: Results supporting hypothesis 1: frequencies of bird behaviors (mean ± 1 S.E.) during 30 min with mosquitoes absent
or present, and results from post-hoc (after MANOVA) univariate analyses of variance for mosquito presence and time period
(ANOVAs, including effect sizes as partial η2; all interactions small, non-significant, and not shown) and discriminant function
analysis (DFA, standardized canonical coefficients) for mosquito presence. N = 24 for each mean.
Mean ± 1 S.E.
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Bird Behavior
Change position
Feather fluff
Head movement
Wing movement
Body peck
Foot peck
Foot shake
Tail shaked
a

Mosquitoes
Absent
14.4 ± 5.1
2.6 ± 0.6
7.6 ± 4.5
8.3 ± 2.5
8.8 ± 2.7
0.8 ± 0.4
54.8 ± 26.7
0.1 ± 0.1

Mosquitoes
Present
38.2 ± 18.1
3.6 ± 0.7
21.8 ± 7.6
21.1 ± 6.1
14.4 ± 3.1
12.7 ± 2.0
215.8 ± 38.9
3.5 ± 3.4

Increase
2.7×
1.4×
2.8×
2.5×
1.6×
15.9×
3.9×
35.0×

ANOVAsa
Mosquito
Time
periodb
presence
2
P
η
P
η2
0.055
0.17
0.037
0.34
0.199
0.08
0.531
0.10
0.166
0.22
0.002
0.38
0.061
0.30
0.023
0.23
0.156
0.23
0.004
0.34
0.674
0.07
<0.001 0.73
0.910
0.03
<0.001 0.51
0.724
0.01
0.505
0.11

DFAa,c

Coefficients
0.275
-0.706
0.072
-0.047
0.106
1.036
0.437
0.068

Bold font indicates significance (ANOVA) or greatest discrimination between absence and presence of mosquitoes (DFA).
Time period corresponds to number of mosquitoes present per bird (Fig. 3.2); frequency of change position declined
concomitantly with number of mosquitoes per bird.
c
DFA: P < 0.001, η2 = 0.71; the single function explained 100% of variation.
d
Tail shake was rare (1-2 per 30 min) with mosquitoes absent or present, but one bird exhibited 82 shakes with mosquitoes
present; thus, the 35.0-fold increase was non-significant.
b

Figure 3.3: Results supporting hypothesis 1, that bird (Melopsittacus undulatus) behavior
corresponds to mosquito (Culex quinquefasciatus) landing pressure. Asterisks indicate the
five behaviors (mean ± 1 S.E. for rank-transformed data) that increased significantly in the
presence of mosquitoes based on univariate analyses of variance (Table 3.1). Number of
mosquitoes per bird did not influence behaviors (Table 3.1). N = 24 for each mean.
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Hypothesis 2: Bird Behavior Corresponds to Duration of Mosquito Exposure
We predicted that bird behavioral acts would increase as birds remained under
attack by mosquitoes for longer periods of time. We therefore analyzed bird behaviors
with respect to one independent variable: duration of exposure to mosquitoes, treated as a
between-subjects factor. We conducted separate analyses for each of time periods 3, 4,
and 5, which avoided confounding of number of mosquitoes per bird and necessitated
relatively small samples (N = 5–6 per cell; Fig. 3.2).
With increasing duration of exposure to mosquitoes, the birds exhibited more
frequent behaviors when all behavioral acts were pooled (Fig. 3.4). Differences between
time periods were significant for time period 3 (0 and 30 min prior exposure: t10 = 2.60, P
= 0.027, r2 = 0.30, non-significant for time period 4 but with a large effect size (0, 30, 60
min prior exposure: F2,14 = 2.65, P = 0.11, η2 = 0.28), and highly significant for time
period 5 (0, 30, 60, 90 min prior exposure: F3,19 = 11.66, P < 0.001, η2 = 0.65).
Separate MANOVA models for the combined dependent variable of eight bird behaviors
showed no significant effect of mosquito exposure duration during time period 3 (Wilks’
Λ = 0.17, F8,3 = 1.89, P = 0.33, multivariate η2 = 0.83) and time period 4 (Wilks’ Λ =
0.20, F16,14 = 1.10, P = 0.43, multivariate η2 = 0.56), but effect sizes for both time periods
were large, suggesting lack of significance was due to limited statistical power. The
effect of mosquito exposure duration was significant for time period 5 (Wilks’ Λ = 0.07,
F24, 35.4 = 2.27, P = 0.013, multivariate η2 = 0.59).
Post-hoc univariate ANOVAs showed no significant changes for six of the eight
individual behaviors among the different periods of mosquito exposure (Table 3.2).
However, frequencies of body peck decreased (time period 3, P = 0.010; large effect size
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for time periods 4 and 5) and foot shake increased (time period 3, P = 0.029; time period
4, large effect size; time period 5, P < 0.001) with longer periods of prior mosquito
exposure (Table 3.2; data not shown). Follow-up DFAs, treating duration of mosquito
exposure as the dependent variable and the eight behaviors as predictors, were nonsignificant for time periods 3 (Wilks’ Λ = 0.17, χ2 = 10.78, df = 8, P = 0.22, η2 = 0.83)
and 4 (Wilks’ Λ = 0.20, χ2 = 17.10, df = 16, P = 0.38, η2 = 0.80), but effect sizes were
large, suggesting that some behavioral changes occurred. The post-hoc DFA for time
period 5, using the eight behaviors to discriminate the four periods of prior mosquito
exposure, was significant (Wilks’ Λ = 0.07, χ2 = 43.28, df = 24, P = 0.009, η2 = 0.93),
with function 1 explaining a high proportion of variance (72.4%) and consisting primarily
of foot shake (coefficient = 1.094), and to a lesser extent change position (0.691), wing
movement (0.691), and head movement (0.625; Table 3.2). Foot shake and wing
movement increased in frequency with longer periods of prior mosquito exposure,
whereas change position and head movement showed group differences but no
discernable linear trend (data not shown).
Considered together, the one-way ANOVAs and DFAs suggest that birds
responded to protracted periods of mosquito exposure primarily by increasing foot
shakes. There may have been some redirection from body pecks (declining) to foot
shakes and wing movements (increasing).
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Figure 3.4: Results supporting hypothesis 2, that bird (Melopsittacus undulatus) behavior
corresponds to duration of mosquito (Culex quinquefasciatus) exposure. Birds in two of
the three time periods (time 3: 0–30 and 30-60 min; time 4: 0–30, 30–60, and 60–90 min;
time 5: 0–30, 30–60, 60–90, and 90–120 min) exhibited significantly more behavioral acts
(eight behaviors pooled) after longer periods of prior exposure to mosquitoes. N = 5–6 for
each mean. Univariate analyses of variance (ANOVAs) and discriminant function analyses
(DFAs) suggested that frequency of foot shake increased the most with longer exposure to
mosquitoes (Table 3.2).
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Table 3.2: Results supporting hypothesis 2: univariate analyses of variance (ANOVAs,
including effect sizes, η2) for frequencies of bird behaviors compared over different periods
of exposure to mosquitoes (time 3: 0–30 and 30-60 min; time 4: 0–30, 30–60, and 60–90
min; time 5: 0–30, 30–60, 60–90, and 90–120 min), and discriminant function analysis
(DFA, standardized canonical coefficients of function 1) for time period 5.

Bird Behavior
Change position
Feather fluff
Head movement
Wing movement
Body peck
Foot peck
Foot shake
Tail shake

Time 3
ANOVA
P
η2
0.641 0.02
0.177 0.17
0.496 0.05
0.547 0.04
0.010 0.50
0.448 0.06
0.029 0.39
0.909 0.00

Time 4
ANOVA
P
η2
0.619 0.07
0.319 0.15
0.129 0.25
0.770 0.04
0.167 0.23
0.247 0.18
0.106 0.27
0.668 0.06

Time 5
ANOVA
P
η2
0.233 0.20
0.887 0.03
0.556 0.10
0.286 0.18
0.061 0.32
0.163 0.23
<0.001 0.60
0.597 0.09

DFA
Coefficients
0.691
-0.267
0.625
0.691
-0.389
0.039
1.094
0.345

Bold font indicates significance (ANOVA) or greatest discrimination between absence and
presence of mosquitoes (DFA).
DFA for time period 5: P = 0.009, η2 = 0.93; function 1 explained 72.4% of the variance.
Body peck consistently decreased during mosquito exposure; foot shake consistently
increased; wing movement increased (Time 5); change position and head
movement showed no trend (Time 5).
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Hypothesis 3. Bird Behavior Corresponds to Where Mosquitoes Land
We predicted that bird behaviors would vary depending on which anatomical
region of the body mosquitoes were landing (head, trunk, feet). We analyzed data for the
first 30 min of each bird’s exposure, which included different numbers of mosquitoes per
bird but avoided confounding of duration of mosquito exposure (Fig. 3.2). Analyses
benefitted from a relatively large sample size (N = 23), although statistical power
remained weak, especially for canonical correlation, which included all bird behaviors
and mosquito landing areas.
An omnibus canonical correlation analysis indicated a non-significant association
between the canonical variables of mosquito landing locations and bird behaviors
(Pillai’s trace [better suited than Wilk’s Λ for small samples] = 1.21, P = 0.30); however,
the large effect size (Rc2 = 0.81) suggested that an association exists. Standardized
canonical coefficients of individual bird behaviors (as dependent variables) were
significant for head movement (-0.70, P = 0.002) and approached significance for body
peck (-0.52, P = 0.068), suggesting that these two behaviors were associated with
differential mosquito landing locations. Standardized canonical coefficients for mosquito
landing areas (as independent variables; P-values not available) suggested that mosquito
head landings (-0.65) and foot landings (-0.48) were more strongly associated with bird
behaviors than trunk landings (-0.053).
We used post-hoc multiple linear regression to further understand how individual
bird behaviors (as dependent variables) responded to mosquitoes landing on different
body regions (independent variables). Results were consistent with those of the canonical
correlation analysis. Head movement was strongly associated with mosquito landing
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region (adjusted R2 = 0.53, P = 0.001), with mosquito landings on the head having the
strongest (positive) influence on head movements (β = 0.44, P = 0.058; data not shown).
A second behavior, body peck, approached significance with a large effect size (adjusted
R2 = 0.20, P = 0.063), with mosquito landings on feet having the strongest (positive)
influence on body pecks (β = 0.44, P = 0.054; data not shown). The remaining six
behaviors showed no association with mosquito landing region (all adjusted R2 ≤ 0.10, P
≥ 0.18).
This dataset also allowed us to assess whether mosquitoes preferentially landed
on some regions more than others. A 3 × 4 (bird region × mosquitoes per bird) ANOVA
for number of mosquito landings, treating the independent variables as between-subjects
factors, showed that bird region was significant (trunk: 14.7 ± 2.9 mosquito landings per
30 min; feet: 6.1 ± 1.2; head: 5.3 ± 1.3; F2,57 = 6.18, P = 0.004, partial η2 = 0.18), with
Tukey’s post-hoc comparisons indicating trunk > feet = head (data not shown). Number
of mosquito landings was independent of number of mosquitoes per bird (F3,57 = 1.83, P
= 0.15, partial η2 = 0.09), and no interaction existed between body region and number of
mosquitoes per bird (F6,57 = 0.32, P = 0.92, partial η2 = 0.033).
Collectively, these data suggest that mosquito landing location potentially affects
certain bird behaviors, which in turn might potentially influence mosquito landing
location.

Hypothesis 4: Mosquitoes Prefer Fresh Birds to Previously Attacked Birds
We predicted that more mosquitoes would prefer to land on newly exposed birds
rather than previously exposed birds. This preference could result from either increased
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defensiveness or changed chemistry of the birds. We analyzed mosquito landings with
regard to duration of exposure to mosquitoes, treated as a between-subjects factor, and
number of foot pecks as a covariate for bird behavior, as suggested by the results for tests
of hypothesis 1. We made three comparisons, one for each of time periods 3, 4, and 5,
which avoided confounding of number of mosquitoes per bird but necessitated relatively
small samples (N = 5–6 per cell; Fig. 3.2).
We employed three MANCOVA models that examined the effect of duration of
previous exposure to mosquitoes on the combined dependent variable of mosquito
landings to the head, trunk, and feet for each of time periods 3 (0 and 30 min prior
exposure), 4 (0, 30, and 60 min prior exposure), and 5 (0, 30, 60, and 90 min prior
exposure; Fig. 3.2). The number of mosquito landings to the three regions was
independent of prior mosquito exposure at all three time periods examined (Time 3:
Wilks’ Λ = 0.75, F3,7 = 0.80, P = 0.53, multivariate η2 = 0.26); Time 4: Wilks’ Λ = 0.53,
F6,22 = 1.37, P = 0.27, multivariate η2 = 0.27; Time 5: Wilks’ Λ = 0.74, F9,39.09 = 0.57, P
= 0.82, multivariate η2 = 0.10; data not shown). The covariate (number of foot pecks)
proved to be non-significant for time periods 2 and 3, so we also ran MANOVA models
without the covariate for all three time periods, which confirmed the absence of mosquito
preference for freshly exposed birds (multivariate η2 = 0.11, 0.17, 0.05, respectively). We
additionally ran MANCOVAs using total behavioral acts rather than number of foot
pecks as the covariate, and these provided identical conclusions (multivariate η2 = 0.08,
0.17, 0.06, respectively).
In sum, mosquitoes demonstrated no preference for fresh or previously attacked
birds.
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Discussion
To better understand the complex interactions between mosquitoes and their avian
hosts, we experimentally examined four hypotheses in a controlled laboratory setting
using the ornithophilic mosquito Cx. quinquefasciatus and a representative bird, the
budgerigar (M. undulates). Our study provided support for the first three hypotheses
regarding bird anti-mosquito behaviors, suggesting that (1) some behaviors were relied
on more than others to thwart mosquito landings; (2) some behaviors changed over the
time course of mosquito exposure; and (3) some behaviors corresponded to specific body
regions upon which the mosquitoes landed. All of the eight bird behaviors we examined
were typical maintenance behaviors, but some were used via increased frequency as antimosquito behaviors. We found no support for the fourth hypothesis—the primary
objective for conducting this study—that mosquitoes prefer to land on a fresh bird rather
than a previously attacked bird.

Anti-Mosquito Behaviors of Birds
The results provided strong support for hypothesis 1, confirming a behavioral
response of birds to the presence of mosquitoes. As in prior studies, the birds exhibited
no unique behaviors in the presence of mosquitoes, other than occasionally stabbing at
and possibly consuming mosquitoes. Instead, their anti-mosquito repertoire consisted
mainly of increased frequencies of routine maintenance behaviors. Although each of the
eight behaviors we measured showed increases in response to the mosquitoes, only five
increased significantly (foot peck, foot shake, head movement, body peck, and wing
movement), with the 15.9-fold increase in foot peck being the most conspicuous
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behavioral response to mosquito presence. Our finding of increased rates of maintenance
behaviors as an anti-mosquito tactic is consistent with reports of other bird species
studied under both experimental and field settings (Webber et al., 1972; Edman et al.,
1974; Darbro and Harrington, 2007). Foot pecks and foot movements feature prominently
in the mosquito-avoidance behaviors of other birds, although head movements may be
more important in some species, and wing movements are typically frequent as well
(Webber et al., 1972; Edman et al., 1974). Birds that employ more effective antimosquito behaviors may deter mosquitoes from feeding on them, thereby reducing blood
loss and pathogen infections, and increasing the birds’ overall fitness. We did not
examine the effectiveness of different anti-mosquito behaviors at preventing mosquito
feeding success. However, we noticed only a small number of partially or fully blood-fed
mosquitoes subsequent to trials, suggesting that anti-mosquito behaviors of the birds were
effective at preventing successful mosquito feeding. Although some of the head
movements appeared to be attempts to catch mosquitoes, we could not discern from
videos whether the birds succeeded in capturing and killing the mosquitoes. In retrospect,
it would have been helpful after each trial to quantify mosquitoes showing blood
engorgement and exact numbers remaining. Nevertheless, the efficacy of these behaviors
in reducing mosquito attacks and feeding success has been documented in other studies,
with beak snapping and pecking providing some success in killing mosquitoes (Edman
and Kale, 1971; Webber et al., 1972; Edman et al., 1974; Day and Edman, 1984).We
suspect that, for budgerigars, all of the behaviors we quantified can be effective at
reducing mosquito landing pressure with the possible exception of tail shake, which was
exhibited only rarely by all but one individual.
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Our analyses further suggest, though with a weaker effect size, that frequency of
bird anti-mosquito behaviors corresponded to mosquito density (number of mosquitoes
present per bird). This finding is supported by other studies that reported similar
modulation of anti-mosquito behaviors in different bird species according to
experimentally-manipulated mosquito densities (Edman et al., 1972, 1974; Darbro and
Harrington, 2007). Dabro and Harrington (2007), for example, found a positive
correlation between foot stomps, wing and head movements, and mosquito density. Thus,
detection of anti-mosquito behaviors as increased frequency of maintenance behaviors
may depend on mosquito density. Moreover, differences in experimental design may
influence the strength of the relationship between mosquito density and anti-mosquito
behaviors. The prior studies used much higher mosquito densities (up to 1200 mosquitoes
per bird in Edman et al., 1972) compared to our study (~13 to 50 mosquitoes present per
bird), and gave mosquitoes access to only one bird at a time. Our study assumed the
mosquitoes distributed themselves randomly in an ideal free distribution (like other
studies that made similar assumptions; Edman et al., 1972, 1974), which may not have
been the case. In contrast, Darbro and Harrington, (2007) quantified mosquito density as
numbers that approached birds within a specified distance, yet they obtained results
similar to ours.
Our results supported hypothesis 2, suggesting that with increasing duration of
exposure to mosquitoes, the birds exhibited more frequent anti-mosquito behaviors rather
than settling down to rest or sleep. Although there was a total increase in behavioral acts
during the 2 hours of mosquito exposure, some behaviors increased while others
declined, apparently in a trade-off manner. Body peck decreased during the 2 hours of
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mosquito exposure, whereas foot shake progressively increased, and wing movement
increased as well (for the time 5 analysis). Some changes in behavior were evident within
the first hour. We did not quantify sleep (as bouts of eye closure and opening; Amlaner
and Ball, 1983), but we assume that sleep was incompatible with elevated rates of
maintenance and anti-mosquito behaviors. Reduced sleep time for birds may reduce the
efficiency of the birds’ immune system (Zielinski and Krueger, 2011; Ibarra-Coronado et
al., 2015), thus increasing their susceptibility to vector-borne pathogens. Darbro and
Harrington, (2007) reported fewer foot stomps in house sparrows and chickens for the
first hour relative to subsequent hours of exposure. Other bird species similarly increase
anti-mosquito behaviors that protect their feet and decrease behaviors that protect their
bodies as they mature (Kale et al., 1972). In spite of these trends, we could also predict
that defensive behaviors of birds might habituate with time due to the energy costs of
defensive behaviors. Anti-mosquito behaviors and/or mosquito feeding success of
chickens and Japanese quail decreased across multiple nights of exposure, which was
interpreted as improved efficiency in anti-mosquito behaviors (Anderson and Brust,
1996; Darbro and Harrington, 2007). Mullens et al. (2006) found that dairy cattle (Bos
taurus) defensive behaviors against stable flies (Stomoxys calcitrans) attenuated as the
stable fly season progressed, and fly attack showed no consistent effect on milk
production.
We found some support for hypothesis 3, suggesting that bird behavior
corresponds to the anatomical region where mosquitoes land. We recognize that
statistical power in our models was limited given the sample size and number of
parameters, so we prefer to emphasize effect sizes. The birds appeared to be especially
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sensitive to mosquitoes landing on their heads and feet, where exposed skin would be
accessible to the mosquitoes. Birds exhibited increased head movements in association
with mosquitoes landing on their head, which presumably provided protection of the eyes
and base of the beak. Birds also exhibited increased pecks to their body in association
with mosquitoes landing on their feet, although any cause-effect relationship for this
association is difficult to interpret. As might be expected given the relative body surface
area of birds, mosquitoes landed on the trunk in greater numbers than on the feet and
head. Blackmore and Dow (1958) reported similar findings in pigeons (Columba livia),
house sparrows, barn swallows (Hirundo rustica), and chickens, for which mosquitoes
preferred to land on feathered regions of the birds’ bodies before seeking exposed areas
to take blood meals. Therefore, this landing preference might reflect a behavioral strategy
on the part of mosquitoes to avoid detection before moving to the more sensitive bare
skin areas.

Mosquito Landing Preferences on Birds
We failed to find support for the fourth hypothesis, that mosquitoes prefer to land
on fresh birds rather than previously attacked birds. When given an opportunity to choose
among birds with different amounts of prior exposure, mosquitoes were equally likely to
land on previously exposed and previously unmolested birds. Several factors potentially
influence mosquito landing preferences on birds, and highlight the difficulties in
disentangling cause-effect relationships. Because the budgerigars progressively ramped
up their anti-mosquito behaviors in response to prolonged mosquito attacks, they
presumably produced higher levels of carbon dioxide, and potentially emitted higher
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levels of stress-related chemicals mediated by corticosterone, than freshly exposed birds.
The higher levels of carbon dioxide (Kellog, 1970; Takken 1991; Lacey and Cardé, 2011)
and corticosterone (Le Maho et al., 1992; Puente et al., 2011; Gervasi et al., 2016) might
have attracted mosquitoes to the previously attacked birds, whereas the anti-mosquito
behaviors might have thwarted the mosquitoes and prompted them to approach the less
defensive, freshly exposed birds instead (Edman and Kale, 1971; Webber et al., 1972).
Thus, any preference demonstrated by mosquitoes would likely be the outcome of
opposing factors of differing strength. However, there are additional considerations as
well. Given the staggered exposure of birds inherent to our experimental design,
mosquitoes might have continued to attempt to feed on the first bird encountered rather
than leave to seek a less defensive bird. This explanation is supported by the findings of
Gervasi et al. (2016), that Cx. quinquefasciatus mosquitoes were approximately twice as
likely to feed on zebra finches (Taeniopygia guttata) with experimentally elevated stress
hormones (corticosterone) than control birds, despite the presence of increased antimosquito behavior in the stressed birds. Level of mosquito hunger and prior feeding
history, including the kind of meal, might also influence the decision-making of
mosquitoes (Klowden, 1986; Yee and Foster, 1992).
Rather than reject our working hypothesis, we suggest that different experimental
approaches might lead to outcomes and interpretations that differ from those of the
current study. Although we statistically controlled for the frequency of bird anti-mosquito
behaviors, we did not track the movements or measure the feeding success of individual
mosquitoes. Thus, we could not characterize the efficacy of bird anti-mosquito behaviors,
which would have given us further insight. It would also be helpful to measure changes in
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carbon dioxide and corticosterone production associated with mosquito attacks.
Experimental approaches can be used to isolate individual effects, such as immobilizing
birds to control for anti-mosquito behaviors (Gervasi et al., 2016), but there is merit in
attempting to examine all factors simultaneously.

Conclusions
Our study sheds new light on the complex interactions between mosquitoes and
birds by showing that mosquitoes, under the conditions tested, exhibited no preference
for previously exposed versus freshly exposed birds. However, further study will be
needed to disentangle the effects of bird defensive behaviors, carbon dioxide production,
and stress hormone emission on mosquito landing preferences. Consistent with prior
studies of other bird species, the budgerigars relied on increased frequencies of certain
maintenance behaviors to thwart mosquitoes. These defenses increased progressively
with prolonged mosquito exposure, and appeared to be responsive to the anatomical
region where mosquitoes landed.
The coevolved behavioral interactions of mosquitoes and birds warrant further
attention because of epidemiological implications for disease transmission. Increased
defensive behaviors of birds at higher mosquito densities or over a protracted period of
exposure, for example, may increase pathogen transmission, especially in communalroosting birds for which frequent interruptions in mosquito feeding can result in multiple
feeding bouts on different birds (Edman and Scott, 1987; Hodgson et al., 2001).
Increased defensive behaviors may also reduce sleep time or quality (Stewart, 2001;
Samson et al., 2013) and any associated benefits (Beckers and Rattenborg, 2015;
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Rattenborg and Martinez-Gonzalez, 2015); reduce time allocated to feeding, mating, and
other activities (Downes et al., 1986) that influence overall fitness; increase energy
expenditure; or promote shifts in habitat use (Brown and Brown, 1992; Christe et al.,
1994) or encourage aggregation with conspecifics to reduce the effects of parasites such
as biting flies (Mooring and Hart, 1992).
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CHAPTER FOUR
SERO-SURVEILLANCE OF RATTLESNAKES FOR
ST. LOUIS ENCEPHALITIS, WESTERN EQUINE ENCEPHALITIS, AND WEST
NILE VIRUSES IN SOUTHERN CALIFORNIA
Oliver Eshun, Greg Williams, and William K. Hayes

Abstract
Vector-pathogen-host interactions are usually complex, and understanding the
different roles played by organisms in different phases of pathogen transmission informs
public health policies. Reptiles have been suggested as overwintering and/or secondary
hosts of arboviruses. We used blocking ELISA and immunohistochemistry to examine
the sero-prevalence of flavivirus and alphavirus; St. Louis encephalitis (SLE), western
equine encephalitis (WEE) virus, and West Nile (WN) virus in 40 rattlesnake specimens
of six species (Crotalus spp.) from coastal areas, valleys, mountains, and deserts of
southern California. We found 10.0% of the rattlesnakes to be positive for flavivirus but
negative for WN virus, suggesting infection with SLE virus. No snakes were positive for
WEE or WN viruses. The presumed SLE-positive samples included two southern Pacific
rattlesnakes (C. helleri) and two red diamond rattlesnakes (C. ruber). Three of these
snakes were adults and one was a juvenile. All of the seropositive snakes were from
coastal and valley regions, with 33.3% prevalence for these biogeographic regions
combined, and sampled during autumn. These results are the first to suggest the presence
of SLE virus in any reptile. The relatively high prevalence of SLE in rattlesnakes
compared to traditional bird hosts (ca. 1% for the region) suggests that rattlesnakes may
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be important secondary hosts or reservoirs of at least some arboviruses, and possible
overwintering hosts, as well. Our findings suggest an urgent need to further investigate
the role of snakes, and reptiles in general, in the epidemiology of arbovirus-borne
diseases.
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Introduction
Arboviruses comprise a loosely-defined, globally-distributed group of viruses
transmitted by arthropod vectors, primarily mosquitoes, other Diptera, and ticks. They
account for close to 30% of emerging infectious diseases in the last two decades, and
contribute substantially to the global public health burden of these diseases (Gubler et al.,
2002; Morens et al., 2004; Jones et al., 2008). Arboviruses infect and replicate in
arthropods after an arthropod feeds on an infected host, usually a vertebrate. The
arthropod vector then transmits the virus to another susceptible host during a subsequent
blood meal (Webb, 1969). Mosquitoes are the most important vectors of arboviruses that
affect humans, with birds serving as the primary hosts. Mammals, such as rodents,
ungulates, monkeys, and bats, may also be important reservoirs, or together with humans
serve as dead-end hosts (Abdussalam et al., 1959; Komar, 2003; Weaver and Barrett,
2004). Viral transmission to reptile hosts has also been demonstrated through arthropod
vectors, via naturally-occurring and experimental transovarial transmission (vertical,
from parents to offspring), and experimental oral transmission (Gebhardt et al., 1964;
Spalatin et al., 1964; Klenk et al., 2003; Steinman et al., 2006).
Several arboviruses are zoonotic, with public health implications for humans and
livestock. Some of the most important in North America include eastern equine
encephalitis (EEE), La Crosse encephalitis (LAC), St. Louis encephalitis (SLE), western
equine encephalitis (WEE), West Nile (WN), dengue (DEN), and more recently Zika
(ZIK) virus (Shope, 1980; Brown 2012; Wright and Pritt, 2012; Wikan and Smith, 2016).
Surveillance efforts in California have focused on the last three viruses, for which the
main vectors and hosts are generally agreed upon. St. Louis encephalitis virus (family
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Flaviviridae, genus Flavivirus) is vectored primarily by Culex tarsalis Coquillett
mosquitoes in the western United States, with birds and mammals as the main hosts
(Hammon, et al., 1943; Beran, 1994; Calisher, 1994). Western equine encephalitis virus
(family Togaviridae, genus Alphavirus) also has Cx. tarsalis as the principal vector and
wild birds as the primary host. However, WEE has a second transmission cycle involving
Aedes melanimon Dyar mosquitoes and jackrabbit (Lepus californicus) hosts (Beran,
1994; Calisher, 1994; Fulhorst et al., 1994). West Nile virus is another Flavivirus for
which Cx. tarsalis has become the most efficient vector in California in a wild birdmosquito cycle (Reisen et al., 2006; Hayes et al., 2005). Surveillance efforts for
important arboviruses (SLE, WEE, and WNV) in California focus on identifying
antibodies in sentinel chickens (Gallus g. domesticus), identifying virus from mosquitoes
and dead birds, and concurrent monitoring of vector abundance (Bigler et al., 1975;
Moore et al., 1993; Scott et al., 2001; California Department of Health Services, 2011).
Reptiles and other alternative hosts are not included in standard arbovirus surveillance.
Overwintering mechanisms of SLE, WEE, and WN viruses remain elusive. Proposed
hypotheses include continuous transmission throughout winter, maintenance within
mosquito-vertebrate host cycles involving other mosquitoes and vertebrates, and the
reintroduction of viruses by migratory birds (Reisen et al., 1992a). Host infection by
SLE, WEE, and WN virus is most frequent during warmer months. However,
investigators have detected rare winter cases of virus presence in wild mosquitoes and
birds, and rare seroconversion in sentinel chicken (Gallus domesiticus), suggesting that
winter transmission of these viruses is infrequent (Bailey et al., 1978; Reisen et al.,
1992a; Reisen et al., 2006). Other investigators have been unable to isolate these
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arboviruses from mosquitoes and wild birds during winter, even when antibodies for
arbovirus RNA were detected (Farajollahi et al., 2005; Reisen et al., 2010a; Nelms et al.,
2013; Hinton et al., 2015). Vertical transmission and overwinter maintenance of
arboviruses appears to be limited or non-existent (Reeves et al., 1974; Rappole et al.,
2000; Reisen et al., 2001). Although the role of chronic and recrudescent wild bird
infections in maintaining the viruses during winter has also been shown in limited
experimental studies, there is no evidence of this occurring in nature or how common it
may be (Reeves et al., 1974; Reisen et al., 2010a; Wheeler et al., 2012). Reisen et al.
(2010b) found little evidence that migratory birds reintroduced arboviruses into
California. Thus, the possibility of non-avian vertebrates hosting overwintering
arboviruses seems plausible.
The viability of birds and alternative vertebrate hosts as successful reservoirs of
arboviruses depends on host availability, host susceptibility to arbovirus, vector
attractiveness to host, and the effect of host behavior on foraging behavior of mosquitoes
(Burkett-Cadena et al., 2008). Many reptile species overlap broadly with mosquitoes in
preferred habitats and time of activity, which makes them candidate hosts. Field and
experimental studies suggest that reptiles may indeed serve as reservoirs for
overwintering arboviruses, such as JE, WEE, and WN viruses. Doi et al. (1968)
demonstrated experimentally that lizards (Takydromus tachydromoides) were susceptible
to JE virus and can maintain viremia up to 2 weeks after inoculation. Similarly, garter
snakes (Thamnophis spp.) were experimentally shown to be susceptible to WEE and were
able to maintain high viremias for several days (Thomas et al., 1958a). Western equine
encephalitis has been found in naturally occurring leopard frogs (Lithobates pipiens;
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Spalatin et al., 1964), and WN virus RNA was recovered in farmed crocodiles
(Crocodylus nilocutus; Steinman et al., 2003).
Snakes may prove to be important hosts of arboviruses (Table 4.1), as a number
of studies have recovered viruses (JE in Elaphe rufodorsata; Lee, 1968), detected viremia
at levels infective to mosquitoes (WEE in Thamnophis spp.; Thomas et al., 1958a;
Gebhardt et al., 1970), or identified viral antibodies (WN in Thamnophis sirtalis;
Steinman et al., 2006). Japanese encephalitis virus was shown to have high prevalence
(71% of 80) in cobras (Naja naja; Shortridge et al., 1974), and Burton et al. (1966)
reported WEE virus infections to be common in garter snakes (Thamnophis spp.) in
Saskatchewan, Canada. Moreover, EEE virus RNA has been recovered from the serum of
cottonmouth (Agkistrodon piscivorus) and copperhead (Agkistrodon contortrix) in field
studies in southeastern United States, and mosquito vector surveillance in this same
region suggests that these snakes may be important reservoirs of EEE virus, with Cx.
peccator as the primary vector (Bingham et al., 2012; Burkett-Cadena et al., 2008; Cupp
et al., 2004). More recently, WN virus RNA has been detected in wild garter snakes (T. s.
sirtalis) in the northeastern United States (Dahlin et al., 2016). However, other field
studies failed to detect virus or viral antibodies of WEE in anacondas (Eunectus murinus;
Calle et al., 2001), and WN in eastern massasauga rattlesnakes (Sistrurus catenatus;
Allender et al., 2006).

110

Table 4.1: Medically important arboviruses detected in snakes. EEE = eastern equine encephalitis virus, JE = Japanese encephalitis
virus, WEE = western equine encephalitis virus, and WN = West Nile virus. Evidence is characterized as Field (F) and/or Experimental
(E), and presence as antibody (A) and/or virus (V) detection.
Arbovirus
Host
tested
EEE (+)
Agkistrodon contortrix

Location

Evidence

Samples (N)

SE United
States

F-V

3

33.3

SE United
States

F-A

54
1

22.2
100.0

Coluber constrictor,

5

60.0

Nerodia erythrogaster,

13

15.0

Storeria dekayi,

1

100.0

Crotalus horridus,

2

50.0

Agkistrodon contortrix,

4

25.0

EEE (+)

Agkistrodon piscivorus
Thamnophis sirtalis

JE (+)

Naja naja

EEE (+)

A. piscivorus
Diadophis punctatus,

111

SE United
States

E-V

144
4

China

F-A

80

Prevalence (%) Season

Source

Spring,
summer,
fall
Spring,
summer,
early fall

Bingham et
al., 2012

35.4
100.0

N/A

White et al.,
2011

79.0–85.0

Fall

Shortridge
et al., 1974

Graham et
al., 2012

JE (+)

Elaphe quadrivirgataa,

SW Japan

F–A, E–V

F–47; E–5

F–4.3; E–20.0

F–186; E–11a

F–1.6; E–18.2

Natrix vibakari,

E–17

E–5.9

Agkistrodon halys

F–5

F–20.0

Rhabdophis tigrinus tigrinusa,

JE (+)

Natrix tigrina lateralis,

Spring,
summer,
early fall

Mifune et
al., 1969

South
Korea

E-A

29b

34.5b

N/A

Lee, 1968

Western
Canada

F-A

80

13.8

Spring

Western
Canada

F-AV

166

A–24.7; V–0.6

Prior and
Agnew,
1971
Burton et
al., 1966

Western
Canada

F/E-AV

FA–575

FA–2.1

FA–173

FA–18.5

FA–3

FA–33.3

EVd

EVd

Elaphe rufodorsata,
Elaphe schrenckii
Thamnophis spp.

WEE (+)

T. s. parietalis,c
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WEE (+)

T. radix haydenic

WEE (+)

T. radix haydenic,
T. s. parietalisc,
T. o. vagransc

Spring,
summer,
early fall

N/A

Spalatin et
al., 1964
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WEE (+)

T. o. vagrans

W United
States
W United
States

E-V

23

78.3

Spring

WEE (+)

T. s. parietalis,

E-V

26b

88.5b

Spring,
summer

WN (+)

T. o. vagrans
T. s. sirtalis

NE United
States

F-V

73

2.8

Summer

WN (+)

T. sirtatlis

Israel

E-AV

18

WN (-)

T. s. sirtalis,

WN (-)

Sistrurus catenatus catenatus

United
States
MW United
States

E

19

0.0

N/A

E

21

0.0

Spring

a 14.2% (1 out of 7) were seropositive for JE in experimental study.
b Species breakdown not available.
c Suspicious results were deemed negative.
d Virus isolated but number of specimens tested and prevalence not clear.

A–33.3; V–27.8 N/A

Thomas et
al., 1962
Thomas et
al., 1960
Dahlin et al.,
2016
Steinman et
al., 2006
Klenk et al.,
2003
Allender et
al., 2006

Seasonal abundance of mosquitoes, especially when it overlaps with host
availability, influences virus transmission patterns and possibly overwintering. In
southeastern California, Cx. tarsalis generally has two peaks in population abundance
(March-June and late summer-early fall; Reisen et al., 1992), and the increased density
may increase mosquito feeding on non-traditional hosts (including mammals and reptiles)
due to increased defensiveness of birds associated with the increased population numbers
(Nelson et al., 1976). The second peak in the mosquito population may, therefore,
influence the overwintering of viruses. Several experimental studies have demonstrated
that important arboviruses can survive the winter period in snakes, and these viruses
replicate and increase in viremia in spring as the ambient temperature rises (Thomas et
al., 1960; Gebhardt, 1970; Pudney and Varma, 1971; Cupp et al., 2004; White et al.,
2011). Graham et al. (2012) found a substantial number of sampled snakes (25% of 173)
in a field study across eight species to be positive for EEE virus in serology tests, with
increased viremia for cottonmouths (Agkistrodon piscivorus) in early spring and early
fall, as one would expect for an overwintering arbovirus host.
Given the potential for snakes to serve as reservoirs for arboviruses, we undertook
a sero-surveillance study of non-WN flavivirus (presumably SLE), WEE virus, and WN
virus in six species of rattlesnakes (Crotalus spp.) from diverse biogeographic regions in
four counties of southern California. Our sampling also included both sexes as well as
young and adult snakes, and took place at different seasons. Rattlesnakes are often
crepuscular and/or nocturnal, especially during the hotter months (Klauber, 1972), and
therefore should be subject to predation by mosquitoes. Eastern equine encephalitis has
been documented in other viperids, namely the cottonmouth (Agkistrodon piscivorus) and
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and copperhead (Agkistrodon contortrix), in the southeastern U.S. (Burkett-Cadena et al.,
2008; Bingham et al., 2012; Graham et al., 2012). Our study comprises the first effort to
sample these viruses in snakes of the southwestern U.S., and offers insight on the
possibility that rattlesnakes serve as secondary hosts, and/or overwintering hosts, for
arboviruses in southern California

Materials and Methods
Snakes
We sampled 40 (24 ♂♂, 16 ♀♀) wild-captured rattlesnakes from the coastal
regions, valleys, mountains, and deserts of Kern, Riverside, San Bernardino, and San
Diego counties of southern California. The rattlesnakes belonged to six species (see
Beaman and Hayes, 2017, for current taxonomy): sidewinder (Crotalus cerastes; 5 ♂♂, 4
♀♀), southern Pacific rattlesnake (C. helleri; 12 ♂♂, 5 ♀♀), northern Pacific rattlesnake
(C. oreganus; 2 ♂♂, 1 ♀), southwestern speckled rattlesnake (C. pyrrhus; 1 ♀), red
diamond rattlesnake (C. ruber; 3 ♂♂, 2 ♀♀), and Mohave rattlesnake (C. scutulatus; 2
♂♂, 3 ♀♀). We captured snakes from March 2015–August 2016, and bled them within 7
days of capture with the exception of Kern County snakes, which were maintained in
captivity for 4-6 months. We recorded the location, sex, and snout-vent length (SVL) of
each snake. We sexed snakes by relative length of tail and subcaudal scale counts
(Klauber, 1972; Dugan and Hayes, 2017). We classified snakes as juvenile or adult based
on anticipated minimum reproductive size (Klauber, 1937; Dugan and Hayes, 2017). We
designated biogeographic region for each snake location as coast (40–110 m), inland
valley (378–529 m), mountain (732–3585 m), and desert (54–776 m, including both low-
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and high-elevation regions). We adhered to procedures approved by the Institutional
Animal Care and Use Committee (IACUC) of Loma Linda University, California.

Blood Collection and Preparation
We restrained the anterior portion of each snake within a transparent, sizeappropriate plastic tube for safety, leaving the caudal region accessible to us. We
collected a blood sample (1.3 mL) from the caudal vein using a 22–25-gauge heparinized
syringe. We placed 1 mL of the blood into a 3-mL plastic tube containing 0.8 mL of
phosphate-buffered saline (pH 7.4) with bovine serum albumin, and then centrifuged the
sample at 2800 rpm for 15 min. We aspirated the plasma and stored it in a 1.5 mL
microfuge tube at 4°C. The remaining blood was dripped onto a 1 × 5 cm strip of blotter
paper that was allowed to dry, placed in a plastic storage bag, and kept at 4°C. Blood
samples from Kern County and San Diego County were transported on ice to the
laboratory and centrifuged up to 3 hr after collection; all other blood samples were
collected in our laboratory and centrifuged within 1 hr. We shipped both sets of samples
(plasma and blotter paper) on blue ice to the Orange County Vector Control District
(OCVCD). The District facility tested the samples for presence of antibodies to flavivirus
and alphavirus via blocking ELISA and immunohistochemistry, according to
standardized OCVCD lab protocol (Hall et al., 1995; Gruwell, et al., 2000; Jozan et al.,
2003). Any sample showing a positive titer (≥ 1:20) for either virus was then screened for
WEE and WN virus, respectively. Any sample testing positive for flavivirus and negative
for WEE was subjected to secondary testing for antibodies specific to SLE, the only
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known flavivirus in southern California. We are awaiting secondary confirmation of SLE
in these samples.

Statistical Analysis
Despite our large number of blood samples (for a study of rattlesnakes), null
hypothesis tests were impeded by the many sparse and empty cells resulting from a high
number of negative test outcomes. We therefore computed only effect sizes for bivariate
associations, as effect sizes are less affected by sample size than statistical tests and are
much more meaningful (Nakagawa, 2004). We computed phi (φ) for 2 × 2 associations
between presence/absence of virus antibodies and two dichotomous variables: sex and
age (juvenile and adult). We computed Cramer’s V for larger bivariate associations
between presence/absence of virus antibodies and three polytomous variables: snake
species (a 2 × 6 comparison), biogeographic region (2 × 3: coastal-valley combined,
mountain, and desert), and season (2 × 3: spring, summer, and fall). We loosely
considered values of ~0.10, ~0.3, and ≥0.5 as small, moderate, and large effects,
respectively (Cohen 1988). Analyses were conducted using SPSS version 13.0 for
Windows (SPSS Inc., Chicago, IL), with alpha set at 0.05.

Results
We successfully screened all 40 rattlesnake serum samples for the presence of
antibodies. Four (10%) snakes were sero-positive for non-WN flavivirus antibodies, but
none were sero-positive for WEE or WN virus (Table 4.2). Two of the SLE-positive
snakes were southern Pacific rattlesnakes, and two were red diamond rattlesnakes. Two
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were located in coastal San Diego County, and the other two were from the inland valleys
of San Bernardino and Riverside Counties (Figure 4.1). None of the five snakes sampled
from Kern County were seropositive for SLE virus. Among the SLE-positive snakes were
three males and one female, and one juvenile and three adults. All SLE-positive snakes
were captured and sampled in the fall. Effect sizes suggested that region was most
strongly associated with sero-positive state (Cramer’s V = 0.51), followed by species (V =
0.42), season (V, = 0.30), age (φ = 0.22), and sex (φ = 0.07; Table 4.3). Two of the seropositive snakes were C. ruber, and the other two were C. helleri (Table 4.3). All SLEpositive snakes were collected in coastal-valley regions during the fall, and included
among them were three males and one female, and one juvenile and three adults (Table
4.3). Effect sizes suggested that region was most strongly associated with sero-positive
state (Cramer’s V = 0.51), followed by species (V = 0.42), season (V, = 0.30), age (φ =
0.22), and sex (φ = 0.07; Table 4.3).
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Table 4.2: Serological results (negative or positive) and associated data from southern California rattlesnakes (genus Crotalus) for
antibodies to St. Louis encephalitis (SLE), western equine encephalitis (WEE) and West Nile (WN) viruses, determined by blocking
ELISA and immunohistochemistry. Counties: Kern (Kern), Riverside (RIV), San Bernardino (SBD), and San Diego (SD); Snake size
indicated as snout-vent length (SVL).
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Species

Region

County

Location

Sex

SVL (cm)

C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri
C. helleri

Desert
Desert
Desert
Desert
Desert
Desert
Desert
Desert
Desert
Valley
Valley
Coast
Coast
Coast
Mountains
Mountains
Mountains
Mountains
Mountains
Valley
Valley
Mountains

KERN
SBD
SBD
SBD
SBD
SD
SD
SD
SD
RIV
RIV
SD
SD
SD
RIV
RIV
RIV
RIV
RIV
RIV
RIV
RIV

Ridgecrest
Twenty-nine Palms
Pisgah Crater Road
Pisgah Crater Road
Pisgah Crater Road
Ocotillo Wells
Ocotillo Wells
Ocotillo Wells
Ocotillo Wells
North of Lakeview
Murietta
Camp Pendleton
Camp Pendleton
Camp Pendleton
Pine Springs Ranch, San Jacinto Mts
North of Beaumont
Silent Valley Club, San Jacinto Mts
Silent Valley Club, San Jacinto Mts
Idyllwild, San Jacinto Mts
Valle Vista
Valle Vista
Pine Springs Ranch, San Jacinto Mts

F
M
M
M
F
M
M
F
F
M
F
M
M
F
M
M
M
M
M
M
M
F

49
44
47
41
44
57
50
52
45
31
N/A
96
77
66.5
99
94
86
87
64
56
47.5
96

Age
class
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Juvenile
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Juvenile
Juvenile
Adult

Date Bled

SLE

WEE

WN

10.30.15
9.30.15
5.17.16
5.17.16
5.17.16
10.30.15
10.30.15
10.30.15
10.15.15
10.9.15
9.18.15
10.21.15
11.24.15
11.24.15
9.18.15
5.17.16
5.17.16
8.18.16
9.18.15
6.28.16
6.28.16
9.18.15

–
–
–
–
–
–
–
–
–
+
–
+
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
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C. helleri
C. helleri
C. helleri
C. helleri
C. oreganus
C. pyrhhus
C. pyrrhus
C. pyrhhus
C. pyrrhus
C. pyrrhus
C. ruber
C. ruber
C. ruber
C. ruber
C. ruber
C. scutulatus
C. scutulatus
C. scutulatus

Mountains
Mountains
Mountains
Mountains
Mountains
Desert
Mountains
Mountains
Mountains
Mountains
Valley
Coast
Valley
Valley
Valley
Desert
Desert
Desert

RIV
RIV
SBD
SBD
KERN
RIV
SBD
SBD
SBD
SBD
SBD
SD
SBD
RIV
RIV
KERN
KERN
KERN

North of Beaumont
Pine Cove, San Jacinto Mts
Devore
Crestline
Canyon Meadows near Onyx
Box Canyon near Mecca
Mill Creek near Mountain Home Village
Mill Creek near Mountain Home Village
Mill Creek near Mountain Home Village
Mill Creek near Mountain Home Village
Redlands
Camp Pendleton
Loma Linda
Hemet
Valle Vista
Randsburg Road near Ridgecrest
Ridgecrest
Ridgecrest

F
F
M
M
F
F
M
M
F
F
M
F
F
M
M
M
M
F

81
72
104
103
92
80
81
69.5
72
70
107
104
97
95
61
77.5
74
69

Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult

5.17.16
9.18.15
8.18.16
6.3.16
10.30.15
6.3.16
5.17.16
6.28.16
5.17.16
5.17.16
9.30.15
10.21.15
9.18.15
8.18.16
6.3.16
10.30.15
10.30.15
10.30.15

–
–
–
–
–
–
–
–
–
–
+
+
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Figure 4.1: Map of southern California where six species of rattlesnakes (genus Crotalus)
were sampled for St. Louis encephalitis (SLE), western equine encephalitis (WEE), and
West Nile (WN) viruses in Kern, Riverside, San Bernardino, and San Diego counties. Red
spots = negative tests for all three viruses; green spots = positive tests for SLE.
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Table 4.3: Breakdown of southern California rattlesnakes (genus Crotalus, N = 40) tested
for presence of St. Louis encephalitis (SLE), western equine encephalitis (WEE), and West
Nile (WN) virus antibodies. Effect size (phi [φ] for 2 × 2, Cramer’s V for 2 × 3) is provided
for variables associated with SLE.

Variable
Species
C. cerastes
C. helleri
C. mitchellii
C. oreganus
C. ruber
C. scutulatus
Region
Coast-Valley
Mountain
Desert
Sex
Male
Female
Age
Juvenile
Adult
Season
Spring
Summer
Fall
Total (%)
positive

Number with positive titer to
virus
SLE
WEE
WN

Total

0
2
0
0
2
0

0
0
0
0
0
0

0
0
0
0
0
0

9
17
5
1
5
3

4
0
0

0
0
0

0
0
0

12
15
13

3
1

0
0

0
0

26
14

φ = 0.07

1
3

0
0

0
0

3
37

φ = 0.22

0
0
4

0
0
0

0
0
0

9
9
22

4 (10%)

0 (0%)

0 (0%)

40

Effect size for
SLE

V = 0.42

V = 0.51

V = 0.30

Effect sizes can be interpreted as small (~0.10), moderate (~0.3) or large (≥0.5); Cohen
1988.
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Discussion
To our knowledge, this study is the first comprehensive study to screen for
arbovirus presence in southern California snakes. None of the snakes tested positive for
western equine encephalitis or west Nile virus. However, the fact that 10.0% (four) of the
40 sampled snakes were sero-positive for non-WN flavivirus antibodies suggests that
rattlesnakes may be important hosts of at least some arboviruses of public health
relevance in southern California.
Because SLE (the only known flavivirus in southern California besides WN virus)
detections in mosquitoes and birds have declined since WN virus arrived in the region in
2003 (Reisen et al., 2004), and the first detection of SLE since 2003 was only reported in
2015 (California Department of Health Services, 2015), we were especially surprised that
the flavivirus-positive samples tested negative for WN virus. Although SLE infection has
been demonstrated experimentally in heart cell lines derived from a common box turtle
(Terrapene Carolina; Mathews and Vorndam, 1982), the current study appears to be the
first to suggest the presence of non-WN flavivirus (possibly SLE) in any wild-caught or
living reptile.
To place the 10.0% prevalence of non-WN flavivirus in rattlesnakes in
perspective, Gruwell, et al. (2000) reported approximately 1% overall prevalence of SLE
virus infection in 83% of house sparrows (Passer domesticus) and house finches
(Haemorhous mexicanus) among more than 52,000 wild birds tested in the region
(Orange County) over a ten year period, and negligible WEE virus infection in the same
birds. Rock doves (Columbia livia) suffered the highest prevalence, with 3.65 and 0.4%
testing positive for SLE and WEE viruses, respectively. Although detections of SLE-
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seroconversion in chickens in Riverside and San Bernardino counties was reported in
2015 and 2016 respectively, suggesting an SLE re-emergence in California, a total of one
state-wide SLE-positive sentinel chicken in Riverside county in 2015, and four in 2016
(two each in Los Angeles, and San Diego counties; California Department of Health
Services, 2015, 2016), implies a low SLE prevalence in sentinel chickens. Thus, our
result of 10% non-WN flavivirus prevalence in snakes seems remarkably high if the
infective virus is actually SLE.
Unfortunately, the small number of sero-positive results made it difficult to
characterize the factors that potentially influence prevalence of arbovirus infection in
southern California rattlesnakes. Compared to other studies of viral infection in snakes
(Table 4.1), our sample of 40 specimens was generous, especially considering the
difficulty in finding wild rattlesnakes apart from communal overwintering aggregations,
which are scarce to absent at lower elevations in California (Dugan et al., 2008).
However, the small number of seropositive samples reduced statistical power, compelling
us to rely on effect sizes of bivariate associations for interpretation. Without being able to
test multiple factors simultaneously, we point out that some effect sizes discussed below
are prone to confounding.
The largest effect size for the bivariate associations we tested suggests that
biogeographic region (V = 0.51) may be an important determinant of non-WN flavivirus
(possibly SLE) virus infection in southern California rattlesnakes. Sero-positive results
were found only in specimens from the coastal and valley regions (which were combined
for analysis), and at relatively high prevalence (33.3% of 12 samples). The presence of
non-WN flaviviruses in the valleys and coastal regions may reflect the relatively higher
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abundance of mosquitoes compared to the mountains and deserts, which are natural
barriers to dispersal of mosquitoes (Gimnig et al., 1999). Studies elsewhere suggest that
species richness and numbers of mosquitoes, as well as number of arbovirus-infected
mosquitoes, decline with increasing altitude above 1600 m (Ahumada et al., 2004; Eisen
et al., 2008; Sun et al., 2009). Rattlesnakes included in our study were sampled as high as
1909 m.
Seasonal differences may also be important (V = 0.30), as all of the non-WN
flavivirus-positive snakes (18.2% of 22) were sampled from the latter part of September
to the latter part of October. This effect, however, may be confounded with
biogeographic region, as most of the coast-inland snakes were sampled during autumn
(75.0% of 12). Nevertheless, the presence of high viremia in snakes just before they enter
brumation (≈ hibernation) suggests the rattlesnakes can carry the viruses into spring.
Graham et al. (2012) found high levels of EEE in cottonmouths during early fall and
early spring, suggesting that pit vipers (family Viperidae, subfamily Crotalinae) play a
role in overwintering of EEE virus in the southeastern U.S. The same study also found
that other snake species have antibodies that are relatively steady from April to July and
then peak in August and September. Experimental studies with WEE virus suggest that
garter snakes are able to overwinter viruses when they are infected 2–11 days before
hibernation, but are unable to carry viremia over the winter when infected 19 days or
more before hibernation (Gebhardt, 1970).
We detected antibodies to non-WN flavivirus in only two of the six rattlesnake
species sampled (C. helleri and C. ruber), resulting in a moderate effect size for snake
species (V = 0.42). We suspect this effect was confounded with geographic region, as
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these two species are the only ones that occur along the coast, and along with C. pyrrhus
are the only ones that occur in the inland valleys (Klauber, 1972). Species differences in
susceptibility may nevertheless exist, as the mosquito Cx. peccator prefers to feed on
cottonmouths more than other snake species (Irby et al., 1988; Cupp et al., 2004; BurkettCadena et al., 2008).
The presence of non-WN flavivirus (possibly SLE virus) antibodies in sampled
snakes may have resulted from at least three different pathways. First, the snakes may
have become infected by a bite from an infective mosquito. Sero-positive snakes were
sampled from areas known to have Culex tarsalis mosquitoes (Reisen et al., 1992b;
Eshun et al., 2016), the primary vector of SLE, which feed on snakes in the absence of
other more traditional hosts (Thomas et al., 1958). Moreover, Riverside and Kern
counties that were part of our study area, together with other six California counties
reported SLE-positive mosquito pools (Cx. tarsalis, and Cx. quinquefasciatus) in 2016,
the same year we conducted the study (California Department of Health Services, 2016).
Eshun et al. (2016) also observed that Cx. tarsalis may forage close to the ground. Thus,
there may have been significant contact between infective mosquitoes and snakes
resulting in flavivirus transmission to the snakes. Second, sero-positivity may have been
caused by transovarial transmission from infected parents. This may have been the case
for the neonate C. helleri that tested positive, which was likely born in August or
September, and sampled in October. Other studies suggest that vertical transmission of
arboviruses like WEE occurs in snakes (Gebhardt et al., 1964; Spalatin et al., 1964).
Third, the seropositive snakes may have preyed on lizards or small mammals that were
infected with flavivirus, and at viremias that were infective. This possibility is supported
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by experimental studies that have shown oral infection of snakes with arboviruses such as
WEE (Spalatin et al., 1964). Steinman et al. (2006) also reported the presence of WN
virus RNA in cloacal swabs of orally-infected non-viremic garter snakes (T. s. sirtalis).
However, we cannot conclude that the presence of flavivirus antibodies meant there was
an active infection, as positive serology may result from persisting antibodies from an
earlier infection. In experimental studies, WEE antibodies have been detected for up to
4.5 years after inoculation in garter snakes (Thamnophis spp.; Thomas et al., 1980). The
presence of two non-WN flavivirus (possibly SLE) seropositive snakes in San Diego
county, when SLE was absent in mosquito pools and SLE antibodies negative in sentinel
chickens in the same year in San Diego (California Department of Health Services,
2016), suggests our results may have occurred through any of the routes described above
except due to direct contact between infected mosquitoes and susceptible snakes, or the
lack of overlap between them.
Our results showed that all 40 snakes from the four counties were seronegative for
WEE and WN. The absence of viral antibodies for WEE and WNV may be due to the
low probability of detection if infections are at low prevalence, or the lack of temporal or
geographic overlap with virus-infected mosquitoes that will feed on snakes. The former
may have been the case for WEE in all four counties (Kern, Riverside, San Bernardino,
and San Diego) since reports from California mosquito districts were negative for WEE
in mosquito pools, sentinel chickens, and dead birds in 2015 and 2016 (California
Department of Health Services, 2015, 2016). Moreover, the absence of WN-positive
snakes may be due to lack of overlap between WN virus-infected mosquitoes and
susceptible snakes, although WN virus was detected in mosquito pools, sentinel chickens,
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and dead birds in both 2015 and 2016 for at least two of the five counties (California
Department of Health Services, 2015, 2016). Cyclical presentation of viremia in a
positive-negative-positive manner in WEE virus-infected snakes may also account for
negative samples, especially if virus levels were too low to elicit release of antibodies
specific for WEE in infected snakes (Burton et al., 1966; Gebhardt, 1970). Burton et al.
(1966) suggested that the recurring cyclical appearance of WEE virus is independent of
temperature. However, other studies suggest that viremia presentation is temperaturedependent, with lower temperatures favoring WN and WEE replication, whereas SLE
replication is enhanced by high temperatures (Hess et al., 1963; Gebhardt, 1964; Shope,
1980). In spite of the negative serological results, most of the snakes were captured and
bled at a time of year that temperatures generally favored replication of the three tested
arboviruses (late spring, summer, and early fall).
Our findings are limited by additional considerations. Some of the snakes we
tested were maintained in captivity (4–6 months), during which reductions in viremia of
infected snakes might be expected. Proposed reasons for the absence of viremia in wild
birds, as the primary hosts for arboviruses, may also explain the sero-negative results for
all of the arboviruses we screened. Lothrop and Reisen (2001) suggested that infected
hosts may produce a short-lived antibody response, or may be highly susceptible to
infection and succumb rapidly, thus becoming unavailable for antibody sampling.

Conclusions
Our results suggest that rattlesnakes, and perhaps snakes or reptiles in general,
serve as hosts of arboviruses in southern California, and could possibly play a role in
virus overwintering. As such, they help to fill a gap in the sero-surveillance of reptiles
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from southwestern North America. More detailed serological and molecular studies are
needed for a larger sample of rattlesnakes, different species of snakes, other reptiles, and
especially at identified foci of arboviruses in southern California. Further study will be
necessary to understand the epidemiological significance of snakes, and perhaps other
reptiles, as hosts of SLE and possibly other viruses. If snakes and/or other reptiles prove
to be important reservoirs for arboviruses, they may be useful for virus surveillance.
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CHAPTER FIVE
CONCLUSIONS
This dissertation examined some aspects of mosquito host-seeking behavior and
the possible role of rattlesnakes (Crotalus spp.) as alternate hosts of St. Louis
encephalitis, Western Equine encephalitis, and West Nile viruses in southern
California. In this chapter, I summarize the most noteworthy results from each of my
three studies and recommend potential topics for further research.
In Chapter 2, I investigated the influence of distance from water (5, 40, and 80 m)
and height above the ground (1, 3, and 6 m) at two habitats (open fields adjacent to a
vegetated riparian stream and a large pond without vegetation along the shoreline) on
the attack rates of mosquitoes in the field using CO2-baited traps. Culex tarsalis
accounted for half of the total mosquitoes captured (44,207), and the other abundant
species were Cx. erythrothorax (37.1%) and Aedes vexans (12.5%). At both locations,
the number of captured mosquitoes decreased with increasing height, and more
mosquitoes were captured closer to the water at the vegetated riparian habitat (5 m >
40 m = 80 m). Distance had no effect on number of mosquitoes captured at the nonvegetated open water habitat (Eshun et al., 2016).
Culex tarsalis, a primary vector for West Nile, Western Equine encephalitis, and
St. Louis encephalitis viruses, generally has a high preference for avian hosts, but can
be opportunistic in its host-seeking behavior (Reisen et al., 2013). I found most Cx.
tarsalis in traps close to the ground (1 m high), which is contrary to expectations for
mosquitoes with an ornithophilic host-seeking preference (Drummond et al., 2006;
Johnston et al., 2014). My finding for Cx. erythrothorax (a generally ornithophilic
species) was similar to the observations for Cx. tarasalis. Habitats in the above cited
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studies were different than those at my study site since forest trees and other
landscape complexities were absent in my study; however, my observations held even
for traps in the tall vegetation bordering the riparian habitat and should inform
mosquito trapping surveillance in these habitats. Aedes vexans (a mammalophilic
species) was found significantly closer to the ground than in the mid to high canopies.
This was consistent with findings of other studies that were conducted in habitats
with different features (Anderson et al., 2006; Johnston et al., 2014).
These findings add important information to our current knowledge of the host
seeking behavior of these mosquito species. Based on my findings, I predict that birds
in habitats similar to those of my study site will experience selection to roost or nest
high in the canopies of trees to avoid mosquitoes that feed mostly on hosts close to
the ground.
In Chapter 3, I experimentally explored some of the dynamics of mosquito-bird
interactions using Cx. quinquefasciatus and budgerigars (Melopsittacus undulates) as
a representative bird host. I evaluated the effects of mosquito exposure on bird antimosquito behaviors, and whether mosquitoes prefer to attack fresh birds more so than
previously exposed birds. I also investigated mosquito landing location preferences
on birds, and the corresponding responses of birds. My results suggest that birds
respond to mosquito attacks by increasing the frequency of routine maintenance
behaviors, especially head movement, wing movement, body peck, foot peck, feather
fluff, and wing shake. The most dramatic response was an increased frequency of foot
peck. Other studies similarly reported that foot pecks and foot movements feature
prominently in mosquito-avoidance behaviors of birds (Webber et al., 1972; Edman
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et al., 1974). I suggest that those anti-mosquito behaviors which are the most effective
at preventing mosquitoes from feeding will be relied on by the birds.
I also found a positive correlation between bird anti-mosquito behavior and
mosquito density. This finding matches that of other bird species (Edman et al., 1974;
Dabro et al., 2007). My study further revealed that frequencies of bird anti-mosquito
behavior increased during the course of prolonged exposure to mosquitoes, with the
largest changes evident with increased foot shakes and decreased body pecks. Kale et
al. (1972) similarly reported that some bird species increase anti-mosquito behaviors
that protect their feet and decrease behaviors that protect their bodies as they mature.
I found some evidence for a bivariate association between mosquito landing location
(head, trunk, or feet) and bird anti-mosquito behaviors. Mosquito landings on the
bird’s head and trunk provoked increased head movements and foot pecks,
respectively. The strong correlation of head movement and mosquito landings on the
head may reflect the presence of more sensitive nerve endings on the heard than other
body parts. Mosquitoes also preferred to land on the trunk of birds rather than on the
head or feet, which may be because of the relatively large surface area of the trunk.
The most important finding of this study was that I observed no preference of
mosquitoes to attack previously exposed birds or newly exposed birds. This finding
however, needs further investigation since birds with increased carbon dioxide
production and higher levels of stress hormones attract more mosquitoes (Gervasi et
al., 2016). Taken together, my results, while elucidating certain aspects of mosquitobird interactions, show that mosquito-bird interactions are complex, dynamic, and
challenging to study.
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In Chapter 4, I investigated the presence of St. Louis encephalitis (SLE), western
equine encephalitis (WEE), and West Nile (WN) viruses in rattlesnakes (Crotalus
spp.), and explored their possibility as overwintering hosts in southern California. I
found four of the 40 sampled snakes to be serologically positive for a non-WN
flavivirus presumed to be SLE, but none were positive for WEE and WN viruses. My
results suggest for the first time that SLE virus may be present in rattlesnakes of
southern California. Moreover, this is the first reported detection of SLE in reptiles to
the best of my knowledge. Reptiles are known to be alternate hosts of arboviruses
including WEE, WN, and EEE viruses, and some of these reptiles are able to
maintain viremia at levels that are infectious to mosquito vectors (Thomas et al.,
1958, 1960; Shortridge et al., 1974; Klenk et al., 2004; Bingham et al., 2012; Graham
et al., 2012; Dahlin et al., 2016). Although my findings do not establish that SLE
virus is prevalent in rattlesnakes of southern California, it suggests the possibility of
rattlesnakes, and perhaps other reptiles serving as alternate or overwintering hosts of
SLE virus.

Further Studies
My findings offer some direction for future studies.
In Chapter 2, my investigation of the influence of height and distance from water
on mosquito host-seeking behavior suggested that birds should preferentially roost or
nest relatively high in the available canopy to escape mosquito predation. This
hypothesis could be tested with an observational or experimental study of bird nest
heights near water versus those distant from water
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In Chapter 3, future studies could replicate my experimental approach, but with an
effort to better disentangle the effects of bird anti-mosquito behaviors, increased
carbon dioxide production, and increased stress levels on mosquito host-seeking
behavior. It would also be fascinating to characterize the actual semiochemicals that
stressed birds release, and their possible influence on host-seeking mosquitoes.
My study findings in Chapter 4 showed that four out of 40 sampled rattlesnakes
(Crotalus spp.) were positive for a non-WN flavivirus presumed to be St. Louis
encephalitis. All sampled snakes were, however, negative for WEE and WN viruses.
Secondary testing of the positive flavivirus samples is important for SLE
confirmation. However, this research needs to be carried out more extensively with
additional snake species, higher sample sizes, and preferably in a region experiencing
one or more flavivirus infections. Studies are needed to investigate the prevalence and
possible role of snakes as secondary or overwintering hosts of arboviruses. Moreover,
arbovirus viremia levels in naturally infected snakes need to be studied to determine
whether they meet the minimum threshold that is infectious to mosquitoes.

141

References
Anderson, J. F., Andeadis, T.G., Main, A.J., Ferrandino, F.J., and Vossbrinck, C.R.,
2006. West Nile virus from female and male mosquitoes (Diptera:Culicidae) in
subterranean, ground, and canopy habitats in Connecticut. Journal of Medical
Entomology, 43(5), pp.1010-1019.
Bingham, A.M., Graham, S.P., Burkett-Cadena, N.D., White, G.S., Hassan, H.K., and
Unnasch, T.R., 2012. Detection of eastern equine encephalomyelitis virus RNA in
North American snakes. American Journal of Tropical Medicine and Hygiene,
87(6), pp.1140-1144.
Blackmore, J.S., and Dow, R.P., 1958. Differential feeding of Culex tarsalis on nestling
and adult birds. Mosquito News, 18(1), pp.15-17.
Burkett-Cadena, N.D., Graham, S.P., Hassan, H.K., Guyer, C., Eubanks, M.D., Katholi,
C.R., and Unnasch, T.R., 2008. Blood feeding patterns of potential arbovirus
vectors of the genus Culex targeting ectothermic hosts. American Journal of
Tropical Medicine and Hygiene, 79(5), pp.809-815.
Burton, A.N., McLintock, J., and Rempel, J.G., 1966. Western equine encephalitis virus
in Saskatchewan garter snakes and leopard frogs. Science, 154(3752), pp.10291031.
Cupp, E.W., Zhang, D., Yue, X., Cupp, M.S., Guyer, C., Sprenger, T.R., and Unnasch,
T.R., 2004. Identification of reptilian and amphibian blood meals from
mosquitoes in an eastern equine encephalomyelitis virus focus in central
Alabama. American Journal of Tropical Medicine and Hygiene, 71(3), pp.272276.
Darbro, J. M., and L. C. Harrington. 2007. Avian defensive behavior and blood-feeding
success of the West Nile vector mosquito, Culex pipiens. Behavioral Ecology, 18:
750–757.
Dahlin, C.R., Hughes, D.F., Meshaka, W.E., Coleman, C., and Henning, J.D., 2016. Wild
snakes harbor West Nile virus. One Health, 2, pp.136-138. doi:
10.1016/j.onehlt.2016.09.003.
Drummond, C. L., J. Drobnack, P. B. Backenson, G. D. Ebel, and L. D. Kramer. 2006.
Impact of trap elevation on estimates of abundance, parity rates, and body Size of
Culex pipiens and Culex restuans (Diptera: Culicidae). Journal of Medical
Entomology, 43(2), pp.177-184
Edman, J. D., L. A. Webber, and A. A. Schmid. 1974. Effect of host defenses on the
feeding pattern of Culex nigripalpus when offered a choice of blood sources.
Journal of Parasitology, 60(5), pp.874–883

142

Eshun, O., Gerry, A., and Hayes, W.K., 2016. Mosquito capture rate using CO2-baited
traps in relation to distance from water and height: implications for avian disease
transmission. Journal of Medical Entomology, 53(6), pp.1378-1384.
Gebhardt, L.P., 1970. Ecology and experimental epidemiology of western encephalitis
virus. Office of Naval Research, Nonr-1288(07) NR 136-674, final report.
Gervasi, S.S., Burkett-Cadena, N., Burgan, S.C., Schrey, A.W., Hassan, H.K., Unnasch,
T.R., and Martin, L.B., 2016, August. Host stress hormones alter vector feeding
preferences, success, and productivity. Proceedings of the Royal Society of
London B, 283(1836) pp.20161278
Graham, S.P., Hassan, H.K., Chapman, T., White, G., Guyer, C., and Unnasch, T.R.,
2012. Serosurveillance of eastern equine encephalitis virus in amphibians and
reptiles from Alabama, USA. American Journal of Tropical Medicine and
Hygiene, 86(3), pp.540-544.
Johnston, E., P. Weinstein, D. Slaney, A. S. Flies, S. Fricker, and C. Williams. 2014.
Mosquito communities with trap height and urban-rural gradient in Adelaide,
South Australia: implications for disease vector surveillance. Journal of Vector
Ecology 39: 48-55
Kale, H.W., Edman, J.D., and Webber, L.A., 1972. Effect of behavior and age of
individual ciconiiform birds on mosquito feeding success. Mosquito News, 32(3),
pp.343-350.
Klenk, K., Snow, J., Morgan, K., Bowen, R., Stephens, M., Foster, F., Gordy, P., Beckett,
S., Komar, N., Gubler, D. and Bunning, M., 2004. Alligators as West Nile virus
amplifiers. Emerging Infectious Diseases, 10(12), p.2150.
Reisen, W.K., Lothrop, H.D., and Thiemann, T., 2013. Host selection patterns of Culex
tarsalis (Diptera: Culicidae) at wetlands near the Salton Sea, Coachella Valley,
California, 1998–2002. Journal of Medical Entomology, 50(5), pp.1071-1076.
Walker, E.D., and J. D. Edman. 1985. The influence of host defensive behavior on
mosquito (Diptera: Culicidae) biting persistence. Journal of Medical Entomology
22(4), pp.370–372.
Shortridge, K.F., Ng, M.H., Oya, A., Kobayashi, M., Munro, R., Wong, F., and Lance,
V., 1974. Arbovirus infections in reptiles: immunological evidence for a high
incidence of Japanese encephalitis virus in the cobra Naja naja. Transactions of
the Royal Society of Tropical Medicine and Hygiene, 68(6), pp.454-460.
Thomas, L.A., Eklund, C.M., and Rush, W.A., 1958. Susceptibility of garter snakes
(Thamnophis spp.) to western equine encephalomyelitis virus. Experimental
Biology and Medicine, 99(3), pp.698-700.

143

Thomas, L.A., Eklund, C.M. and Larson, C.L., 1960. Overwintering of western equine
encephalomyelitis virus in experimentally infected garter snakes and transmission
to mosquitoes. Proceedings of the Society for Experimental Biology and
Medicine, 105(1), pp.52-55.
Webber, L.A. and Edman, J.D., 1972. Anti-mosquito behaviour of ciconiiform birds.
Animal Behaviour, 20(2), pp.228-232.

144

